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Abstract 

From an A/" = 1 supersymmetric electric gauge theory with the gauge group SU{Nc) x 
SU{N'^) X SU{N'^) with fundamentals for each gauge group and the bifundamentals, we 
apply Seiberg dual to each gauge group and obtain the Af = 1 supersymmetric dual magnetic 
gauge theories with dual matters including the additional gauge singlets. By analyzing the 
F-term equations of the dual magnetic superpotentials, we describe the intersecting brane 
configurations of type IIA string theory corresponding to the meta-stable nonsupersymmetric 
vacua of this gauge theory. We apply also to the case for A/" = 1 supersymmetric electric 
gauge theory with the gauge group Sp{Nc) x S0{2N'J x Sp{N'^) with flavors for each gauge 
group and the bifundamentals. Finally, we describe the meta-stable brane configurations of 
multiple product gauge groups. 



1 Introduction 



The nonsupersymmetric meta-stable vacua exist in A/" = 1 SQCD with massive fundamental 
quarks where the masses are much smaller than the dynamical scale of the gauge sector 
[1]. The supersymmetry is broken by the rank condition and the classical flat directions can 
be lifted by quantum corrections which generate positive mass terms for the pseudomoduli 
leading to long-lived meta-stable vacua. When the direction which was not properly lifted 
by the one-loop potential occurs, by adding a set of singlets, one gets meta-stable vacua 
in the quiver gauge theory on fractional branes |2]. Other possible embedding by brane 
probes wrapping cycles of local Calabi-Yau and corresponding quiver gauge theories have 
inequivalent meta-stable vacua [I3j. See the review paper ^ for the recent developments of 
dynamical supersymmetry breaking. 

The geometrical approach for these meta-stable vacua, using the brane configuration in 
type IIA string theory, has many interesting features [Sj [6|, [7]. Turning on the quark masses 
in the electric theory corresponds to deform the superpotential by adding a term in linear in 
a singlet field in the dual magnetic theory. This is equivalent to move D6-branes in partic- 
ular directions in type IIA brane configuration. The misalignment of D4-branes connecting 
NS5'-brane can be analyzed as a nontrivial F-term conditions providing nonzero vacuum ex- 
pectation values of dual quarks. The fact that some of D4-branes connecting NS5'-brane can 
move in other two directions freely is exactly the classical moduli space of nonsupersymmetric 
vacua. See the review paper [8] for the gauge theory and the brane dynamics. 

When we add an adjoint matter field into above M = 1 SQCD with massive fundamental 
quarks, a meta-stable nonsupersymmetric long-lived vacuum was found by considering an 
addition of gauge singlet terms [9]. The corresponding brane configuration for these non- 
supersymmetric meta-stable vacua was studied by realizing these deformation terms in the 
magnetic dual theory geometrically [10]. The lifting of the tree-level supersymmetry breaking 
brane configuration to M-theory was described in [7] by computing the equations of motion 
for the minimal area nonholomorphic curves. The behavior at infinity of this nonsupersym- 
metric brane configuration was different from that of the standard supersymmetric ground 
state of MQCD. The M-theory lift for symplectic and orthogonal gauge groups by introducing 
an orientifold 4-plane to the brane configuration for unitary gauge group was presented in 

When we add a symmetric flavor and a conjugate symmetric flavor to an A/" = 1 SQCD 
with massive fundamental quarks, a meta-stable nonsupersymmetric long-lived vacuum was 
found by adding an orientifold 6-plane to the above brane configuration Moreover, 
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when an antisymmetric flavor, a conjugate symmetric flavor, and eight fundamental flavors 
are added to the M = 1 SQCD with massive fundamental quarks, the nonsupersymmetric 
minimal energy brane configuration was obtained also in [13]. In these constructions, the 
precise brane motion was crucial to arrive at the meta-stable brane configurations in order to 
truncate the unwanted meson fields in the magnetic theory. 

Then it is natural to ask what happens when we increase the number of gauge group. 
When a bifundamental is added to the M = 1 product gauge theory with fundamentals 
for each gauge group, the nonsupersymmetric meta-stable brane configuration [T^ can be 
constructed. Either the Seiberg dual for the first gauge group or for the second gauge group 
gave us the same meta-stable brane configuration. Although the magnetic superpotential 
has many more terms, compared with the ISS model [Ij, the F-term analysis enabled us to 
obtain the meta-stable vacua. For the product of symplectic and orthogonal gauge groups, 
one needs to add an orientifold 4-plane as well as three NS-branes, two kinds of D4-branes 
and two kinds of D6-branes [12]. On the other hand, when we add an orientifold 6-plane to 
the brane configuration for product gauge theory with unitary groups, the matter contents 
will be different in general and the extra NS-branes should be included. In this case, the 
meta-stable brane configuration was described in [16j. 

When the D6-branes in above brane configurations are replaced by other NS5'-brane, the 
meta-stable vacua of pj arises in some region of parameter space when the D4-branes and anti 
D4-branes can decay and the geometric misalignment of flavor D4-branes occurs [l7j. Adding 
an orientifold 4-plane or orientifold 6-plane to the brane configuration of [1^ implies that 
the gauge group is a product of a symplectic group and an orthogonal group or a product 
of unitary groups. Then the geometric misalignment of flavor D4-branes also occurs [18j. 
Further generalization by using more NS-branes, orientifold 4-plane, or orientifold 6-plane 
was obtained from the recent works where there exists a triple product of gauge groups 
with bifundamentals and [2^ where other extra matter contents are present. 

In this paper, we continue to study for the meta-stable brane configuration in the context 
of triple product gauge groups. Compared with two product gauge groups studied in [HI [15], 
the Seiberg dual for the middle gauge group has a new feature in the sense that the ranks 
of the first gauge group and the third gauge group appear in the number of dual colors for 
the middle gauge group and there exist two possible magnetic brane configurations where 
the magnetic superpotentials have different form and also the different matter contents are 
present. On the other hand, the Seiberg duals for the first gauge group and the third gauge 
group look similar to the ones in two product gauge groups because when we take the Seiberg 
dual for the first (third) gauge group, the fields for the third(first) gauge group in the magnetic 
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theory are the same as those for the third(first) gauge group in the electric theory. 

One can easily generalize the meta-stable brane configuration to the ones corresponding 
to a multiple product of gauge groups. Then one takes the Seiberg dual for the first gauge 
group factor, the last gauge group factor and for any gauge group factor except the first and 
last gauge group factors. One can write down the magnetic superpotentials in terms of the 
cubic interactions between the gauge singlets and dual matters. 

We also add an orientifold 4-plane to the brane configurations consisting of four NS-branes, 
three kinds of D4-branes and three kinds of D6-branes in type IIA string theory. Then the 
gauge group will be a product of symplectic and orthogonal gauge groups alternatively. The 
meta-stable brane configuration for the multiple product gauge groups is also discussed. 

In section 2, we describe the type IIA brane configuration corresponding to the electric 
theory based on the Af = 1 SU{Nc) x SU{N'J x SU{N") gauge theory with fundamentals 
and bifundamentals, and deform this theory by adding the mass term for the quarks for each 
gauge group. Then we construct the Seiberg dual magnetic theories for each gauge group 
factor with corresponding dual matters as well as additional gauge singlets, by brane motion 
and linking number counting. Finally, the nonsupersymmetric brane configurations are found 
by recombination and splitting for the fiavor D4-branes. One generalizes to the meta-stable 
brane configurations corresponding to a multiple product of gauge groups and describe them 
very briefiy. 

In section 3, we describe the type IIA brane configuration corresponding to the electric 
theory based on the Af = 1 Sp{Nc) x S0{2N'^ x Sp{N") gauge theory with fundamentals, 
vectors, and bifundamentals, and deform this theory by adding the mass term for the quarks 
for each gauge group. In the brane configuration, this can be obtained from the brane config- 
uration given in section 2 by inserting the appropriate orientifold 4-planes. Then we construct 
the Seiberg dual magnetic theories for each gauge group factor with corresponding dual mat- 
ters as well as extra gauge singlets, by brane motion and linking number counting. Finally, 
the nonsupersymmetric brane configurations are found. These can be seen from those brane 
configurations in section 2 by the action of orientifold 4-plane. The generalization to a multi- 
ple product of gauge groups is described. Compared with the ones in section 2, in this case, 
there exist more magnetic dual theories because the gauge group factors have both symplectic 
and orthogonal gauge groups. 

Finally, in section 4, we summarize what we have found in this paper and make some 

comments for the future directions 0. 

^Some different directions on the meta-stable vacua are present in recent relevant works [3T]-I1S] where 
some of them are described in the type IIB string theory. These are not complete list. It would be very 
interesting to find out how the meta-stable brane configurations from type IIA string theory including the 
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2 Nonsupersymmetric meta-stable brane configurations 

of SU(N,) X SU(N'J X SU{N^) and its multiple product 
gauge theories 

For the meta-stable brane configurations, it is necessary to have nonzero masses for the 
quarks(corresponding to relative displacement between D6-branes and D4-branes in type IIA 
string theory) and to take the Seiberg dual theory(corresponding to the magnetic theory 
obtained from the electric theory via brane motion or field theory analysis) [Ij. We need 
to understand the brane configurations both from the electric theory(where one has mass- 
deformed superpotential) and from the magnetic theory(where the meta-stable states are 
long-lived parametrically) . There exist four possible magnetic brane configurations for the 
triple product gauge group SU{Nc) x SU{N'^) x SU{N"), depending on whether the dual 
gauge group we take is the first gauge group, the second gauge group(in which there exist two 
magnetic brane configurations), or the third gauge group. 

After reviewing the electric brane configuration, we describe the four magnetic brane con- 
figurations, and then the nonsupersymmetric brane configurations are found by recombination 
of some flavor D4-branes and color D4-branes and splitting procedure between those flavor 
D4-branes and the remnant of flavor D4-branes. 

2.1 Electric theory 

The gauge group is given by SU{Nc) x SU (iV^) x SU{N'J) and the matter contents [IHl HT] 
are given by 

• Nf chiral multiplets Q are in the fundamental representation under the SU{Nc), Nf 
chiral multiplets Q are in the antifundamental representation under the SU{Nc) and then 
Q are in the representation (Nc, 1, 1) while Q are in the representation (Nc, 1, 1) under the 
whole gauge group 

• N'j- chiral multiplets Q' are in the fundamental representation under the SU{N'^), N'j- 
chiral multiplets Q' are in the antifundamental representation under the SU{N'^) and then 
Q' are in the representation (1, N'^, 1) while Q' are in the representation (1, N'^,, 1) under the 
whole gauge group 

• N'j chiral multiplets Q" are in the fundamental representation under the SU{N'J), N'j 
chiral multiplets Q" are in the antifundamental representation under the SU{N'J) and then 
Q" are in the representation (1,1, N'^') while Q" are in the representation (1,1, N'^) under the 

present work are related to those brane configurations from type IIB string theory. 
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whole gauge group 

• The flavor-singlet field F is in the bifundamental representation (Nc, N^, 1) under the 
whole gauge group and its complex conjugate field F is in the bifundamental representation 
(Nc, N'p, 1) under the whole gauge group 

• The fiavor-singlet field G is in the bifundamental representation (l,N^,N'j,') under the 
whole gauge group and its complex conjugate field G is in the bifundamental representation 
(1, N'p, N'p') under the whole gauge group 

This is a simple generalization to triple product gauge groups from the two product gauge 
groups H9l H6l H7] ■ Then the gauge group and matter contents we consider are summarized 
as follows: 

SU{N,) X SU{K) X SU{N'^) 

(□,1, !)©(□, 1,1) if J =!,■■■ ,Nf) 

(i,n, 1)0(1, 0,1) (/',7' = i,--- ,iv;) 
(i,i,n)©(i,i,n) (/", 7" = 1, ■••,]¥;) 
(□, 0,1)© (0,0,1) 
(i,n,n)©(i,n,n) 

In the electric theory, since there exist Nf quarks Q, Nf quarks Q, one bifundamental field 
F(which will give rise to the contribution of A*"^), and its complex conjugate field F(which 
will give rise to the contribution of A^"^), the coefficient of the beta function of the first gauge 
group factor is bsu(Nc) = 3A^c ~ — N'^. Similarly, since there exist A^^ quarks Q', Nj quarks 
Q', one bifundamental field F(which gives the contribution of N^), its complex conjugate field 
F(which will give the contribution of N^), one bifundamental field G(which will give rise to 
the contribution of A^"); complex conjugate field G(which will give the contribution 

of A""), the coefficient of the beta function for the second gauge group factor is given by 
bsu(N;,) = - N'f - Nc - N'^. Finally, since there exist A^}' quarks Q", N'} quarks Q", 
one bifundamental field G(which will give rise to the contribution of A"^), and its complex 
conjugate field G(which will give rise to the contribution of A"^), the coefficient of the beta 
function of the third gauge group factor can be read off hsu{N'j) = SA"" — A^" — A"^. There is a 
symmetry between hsu{N^) and hsu{N'^) such that the former becomes the latter by replacing 
N(. and Nf with N'^ and N'^ respectively. 

The anomaly free global symmetry contains [SU{Nf) x SU{N'f) x SU{N'I)Y x U{1)r 
[46] and let us denote the strong coupling scales for SU{Nc) as Ai, for SU{N'J as A2 and for 
SU {N") as A3 respectively. The electric theory is asymptotically free when bsu{Nc) > for the 



gauge group : 
matter : Q/ © Qj 
Q'fi © Q'j, 

Q'f" ® Qj„ 
F®F 
G®G 
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SU{Nc) gauge theory, when bsu(N^) > for the SU{N'J gauge theory, and when hsu{N'^) > 
for the SU{N") gauge theory. 

The classical electric superpotential is 

Weiec = (/^^^ + XQAQ + FAF + + X'Q'A'Q' + FA'F + GA'G 

+ fj."A"^ + X"Q"A"Q" + GA"g) + mQQ + m'Q'Q' + m"Q"Q" (2.1) 



where the coefficient functions n, n' , /i" , X, X' and A" are given by six rotation angles for the 
branes in type IIA string theory [IHl [50] . We do not write down the dependences on these 
angles explicitly. Each gauge group factor has two rotation angles on NS-brane and D6-branes. 
Here the adjoint field for SU{Nc) gauge group is denoted by A, the adjoint field for SU{N'J 
gauge group is denoted by A', and the adjoint field for SU{N") gauge group is denoted by 
A". The mass terms of these adjoint fields are related to the rotation angles of NS-branes. 
The couplings of fundamentals with these adjoint fields are related also to the rotation angles 
of NS-branes as well as the rotation angles of D6-branes. We add the mass terms for each 
fundamental flavor. Setting the fields Q" , Q" , G, G and A" to zero, the superpotential becomes 
the one described in [16], EOj [Hj. 

After integrating out the adjoint fields A, A' and A", this superpotential ( 12. ip at the 
particular orientations for branes, i.e., the case where any two neighboring NS-branes are 
perpendicular to each other, will reduce to the last three mass-deformed terms since the 
coefficient functions ^, and vanish at these particular rotation angles for branes. It does 
not matter whether A, A' or A" vanishes because even if these coefficient functions are not 
zero. A, A'- or A"-dependent terms all vanish because they contain ~, ^- or ^-prefactors. 
Then the classical superpotential by deforming the massless case by adding the mass terms 
for the quarks Q{Q')[Q"] and Q{Q')[Q"] is given by 

Weiec = mQQ + m'Q'Q' + m"Q"Q". (2.2) 

When we discuss the meta-stable brane configurations for the particular dual gauge group 
with corresponding massive fiavors, the other fiavors corresponding to other two gauge groups 
will be massless. 

The type IIA brane configuration for this mass-deformed theory can be described by as 
follows!^. The A^c-color D4-branes (01236) are suspended between the A^S'S^-brane (012345) 
and the A^5'5'^-brane (012389) along direction, together with Nf D6-branes (0123789) which 
are parallel to NSb'j^-hiane and have nonzero v direction. The A^S'5ij-brane is located at the 



^Let us introduce two complex coordinates v = x + ix^ and w = x^ + ix^ for convenience. 
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right hand side of the A^S'S'^^-brane along the direction and there exist A^^-color D4-branes 
suspended between them, with N'j D6-branes which have nonzero v direction. Moreover, 
the A^5'5'j:j-brane is located at the right hand side of the A^S'Si^-brane along the direction 
and there exist A^'^-color D4-branes suspended between them, with A^" D6-branes which have 
nonzero v direction B 

We summarize the M = 1 supersymmetric electric brane configuration in type IIA string 
theory as follows: 

• A^5'5L(A^S'5R)-brane in (012345) directions. 

• N Sh'^iN Sh'^)-hia.\ie in (012389) directions. 

• A^c(A^c)[^c']-color D4-branes in (01236) directions. 

• A^/(A^})[A^}'] D6-branes in (0123789) directions. 

Now we draw this electric brane configuration in Figure 1 and we put the coincident 
Nf{N'j)[N'l] D6-branes in the nonzero v direction in general. The quarks Q{Q')[Q"] and 
Q{Q')[Q"] correspond to strings stretching between the A''c(A"^)[A^c]"Color D4-branes with 
N f{N'j)[N'j] D6-branes. The bifundamentals F{G) and F{G) correspond to strings stretching 
between the A'c(A''^)-color D4-branes with N'^{N")-coIot D4-branes. 



Nf' D6 



NS5- 



Nt' D4 



XS5' 



NS5 



NS5 



Figure 1: The TV = 1 supersymmetric electric brane configuration with SU{Nc) x SU{N'^) x 
SU{N") gauge group with fundamentals Q{Q')[Q"] and Q{Q')[Q"] for each gauge group and 
bifundamentals F{G) and F{G). The two NS5-branes can be written as A^iSSi^ij-branes while 
the two NS5'-branes can be denoted by NS5']^ j:j-branes. 



•^Basically, if there are no -/V^Si-brane, D4-branes and Nf D6-branes, this brane configuration is exactly 
the same as the one in [M]. One can consider the other brane configuration by rotations of NS-branes in 
above brane configuration by ^ angles. That is, iVS'Si^j^-branes go to NS5'j^ ^-branes and vice versa. In 
other words, this other brane configuration can be obtained from the one in [Tl], by adding iVS'Sij-brane, N^' 
D4-branes and N'J D6-branes to the right. Then we will see that all the meta-stable brane configurations from 
this other brane configuration can be obtained by viewing the Figures 2B, 3B, 4B and 5B from the negative 
w direction. 
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2.2 Magnetic theory with dual for third gauge group 

One considers dualizing one of the gauge groups regarding as the other gauge groups as a 
spectator. In this subsection, one takes the Seiberg dual for the third gauge group factor 
SU{N") while remaining the first and second gauge group factors SU{Nc) and SU{N'J un- 
changed. One ignores the dynamics of the other gauge groups. We consider the case where 
A3 >> Ai,A2, in other words, the dualized group's dynamical scale is far above that of the 
other spectator groups. 

Let us move the A^S'5/j-brane to the right all the way past the A'^S'5'^-brane. After this 
brane motion, one arrives at the Figure 2A. Note that there exists a creation of N'j D4-branes 
connecting N'j D6-branes and A^5'5'^-brane because the N'j D6-branes are perpendicular (or 
are not parallel) to the A^S'5/j-brane in Figure 1 and we consider massless quarks for Q{Q') 
and Q{Q'). The linking number [21] of A^S'S^^-brane from Figure 2A can be read off and is 

TV" ~ 

given by L5 = — A*"^'. On the other hand, the linking number of A^iSS/j-brane from Figure 

N'l 

1 is L5 = — J- + N'j — N'^. Due to the connection of A"^ D4-branes with A^S'S^-brane in Figure 
1, the presence of A"^ in the linking number arises. This A"^ dependence will appear in many 
places later and is common feature when we discuss about the product gauge group. From 
these two relations, one obtains the number of colors of dual magnetic theory 

N'j = Nj + K- Nj. (2.3) 

Let us draw this magnetic brane configuration in Figure 2A and recall that we put the 
coincident Nj D6-branes in the nonzero t;-direction in the electric theory and consider massless 
flavors for Q and Q' by putting Nf and N'j D6-branes at v = 0. The Nj created D4-branes 
connecting between D6-branes and A'S'5'^-brane can move freely in the ly-direction. Moreover, 
since A"^ D4-branes are suspending between two equal NSb'^ ^-branes located at different 
coordinate, these D4-branes can slide along the w-direction also. If we ignore the A^S'S^-brane, 
Nf. D4-branes, Nf D6-branes, the A^iSS'^^-brane, A^ D4-branes and Nj D6-branes(detaching 
these branes from Figure 2A), then this brane configuration leads to the standard A/" = 1 
SQCD with the magnetic gauge group SU{Nj = Nj - N'j) with A^}' massive flavors P El [7j. 

The IR dynamics of the electric theory is described by Seiberg dual and one uses the 
variables of dual theory instead of the original variables for the electric theory. Then the dual 
magnetic gauge group is given by SU{Nc) x SU{N'j) x SU{Nj) and the matter contents are 
given by 

• Nf chiral multiplets Q are in the fundamental representation under the SU{Nc), Nf 
chiral multiplets Q are in the antifundamental representation under the SU{Nc) and then 
Q are in the representation (Nc, 1, 1) while Q are in the representation (Nc, 1, 1) under the 
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(8,9) 



Figure 2: The M = 1 supersymmetric magnetic brane configuration with SU{Nc) x SU {N'^) x 
SU{N") gauge group with fundamentals Q{Q')[q"] and Q{Q')[q"] for each gauge group, bifun- 
damentals F{g) and F{g), and gauge singlets in Figure 2A. In Figure 2B, the nonsupersym- 
metric minimal energy brane configuration with the same gauge group and matter contents 
above for massless Q{Q') and Q{Q') is given. 

whole gauge group 

• N'jr chiral multiplets Q' are in the fundamental representation under the SU{N'^), N'^ 
chiral multiplets Q' are in the antifundamental representation under the SU{N'^) and then 
Q' are in the representation (1, N'^, 1) while Q are in the representation (1, N'^,, 1) under the 
whole gauge group 

• N'j chiral multiplets q" are in the fundamental representation under the SU{N'^), N'j 
chiral multiplets q" are in the antifundamental representation under the SU{N") and then 
q" are in the representation (1, 1, N'^') while q" are in the representation (1,1, N'^') under the 
whole gauge group 

• The fiavor-singlet field F is in the bifundamental representation (Nc, N^, 1) under the 
whole gauge group and its complex conjugate field F is in the bifundamental representation 
(Nc, N'p, 1) under the whole gauge group 

• The flavor-singlet field g is in the bifundamental representation (l,Nc,N'j,') under the 
whole gauge group and its complex conjugate field g is in the bifundamental representation 
(1, N'j., N'p') under the whole gauge group 

There are {N'l + N'J^ gauge singlets in the third gauge group factor as follows: 

• A^j-fields X' are in the fundamental representation under the SU{N'^), its complex 
conjugate A^j-'-fields X' are in the antifundamental representation under the SU {N'^) and then 
X' are in the representation (l,N'j,,l) under the whole gauge group while X' are in the 
representation (1, N'^., 1) under the whole gauge group 
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These additional NJ-SU^N'J fundamentals and Nj-SU{N'J antifundamentals are origi- 
nating from the SU{N'^) chiral mesons GQ" and GQ" respectively where the color indices are 
contracted each other. Therefore, there are free indices for a single color and a single flavor. 
Then the strings stretching between the N'J D6-branes and A*"^ D4-branes will give rise to 
these additional N'j-SU{N'^) fundamentals and N'I-SU{N'^) antifundamentals. 

• A^j ^-fields M" are in the representation (1,1,1) under the whole gauge group 

This corresponds to the SU {N") chiral meson Q"Q" where the color indices are contracted. 
It is clear to see that since the N'j D6-branes are parallel to the A^S'5'^-brane from Figure 
2A, the newly created A^^-flavor D4-branes can slide along the plane consisting of these N'j 
D6-branes and A^S'5'^-brane freely. The fluctuations of the gauge-singlet M" correspond to 
the motion of N'J flavor D4-branes along (789) directions in Figure 2A. As we will see later, 
for the nonsupersymmetric brane configuration, a misalignment for the A^j-'-flavor D4-branes 
arises and some of the vacuum expectation value of M" is fixed and the remaining components 
are arbitrary. 

• The A'^^-fields $' is in the representation (1, N'^^ — 1, 1) © (1, 1, 1) under the whole gauge 
group 

This corresponds to the SU{N") chiral meson GG where the color indices for the third 
gauge group are contracted each other and note that G has a representation (1, N'^, N") of an 
electric theory while G has a representation (1, N'^, N[,') of an electric theory. The fluctuations 
of the singlet $' correspond to the motion of N'^ D4-branes suspended two NS5'i^ ^-branes 
along the (789) directions in Figure 2A. The fact that these D4-branes can slide along the 
z/7-direction implies that the vacuum expectation value of $ is arbitrary. 

In the dual theory, since there exist N'j quarks q", N'j quarks q", one bifundamental field 
^((which will give rise to the contribution of A^^), and its complex conjugate field 5(^( which will 
give rise to the contribution of A"^), the coefficient of the beta function for the third gauge 
group factor is b"^^^^-,,^ = 3iV" - N'j - N'^ = 2Nj + 2N'^ - 3N'J where we inserted the number 
of colors given in (12. 3p in the second equality. Since there exist N'j- quarks Q', N'j quarks 
Q', one bifundamental field ^((which will give rise to the contribution of A""), its complex 
conjugate field ^( which will give rise to the contribution of A""), A^j-'-fields X', its complex 
conjugate A^j-'-fields X', the singlet $'(which will give rise to A"^), one bifundamental field 
F(which will give rise to the contribution of Nc), and its complex conjugate field F(which 
will give rise to the contribution of Nc), the coefficient of the beta function of second gauge 
group factor is 6^^^^,) = 3A^^ - N'f - N'J - N'} - N'^- N^ = K + N'J - N^ - 2N'} - N'f. 
Similarly, since there exist Nf quarks Q, Nf quarks Q, one bifundamental field F(which will 
give rise to the contribution of A"^), and its complex conjugate field F(which will give rise to 
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the contribution of A*"^), the coefficient of the beta function of the ffist gauge group factor is 
^^u\nc) ~ '^^'^ — Nf — N'^ = bsu{Nc)- Note that the SU{Nc) fields in the magnetic theory are 
the same as those of the electric theory. 

Therefore, SU{Nc), SU^N'J and SU{N'J) gauge couplings are IR free by requiring the 
negativeness of the coefficients of beta function. One relies on the perturbative calculations 
at low energy for this magnetic IR free region 6™^^^^^ < 0, ^^^^^y/) < and ^^^^jy,,^ < 0. Note 
that the SU{N'^) fields in the magnetic theory are different from those of the electric theory. 
Since bsu{N'^) — b^ij\N') ^ 0, SU{N'^ is more asymptotically free than SU{N'^^"-^ . Neglecting 
the SU{Nc) and SU{N'J dynamics, the magnetic SU{N'^) is IR free when 

N'^ -K<N';< ^N': - K. 

Instead of SU{Nc) x SU{N'^) x SU{N") gauge theory, by performing the dualizing the 
third gauge group, we have an SU{Nc) x SU{N'^) x SU{N") gauge theory with additional 
fields X' ,X' , M" and $' and the gauge group and matter contents are summarized as follows: 



gauge group : 
matter : Q/ © Qj 

Q'fi ® Q'ji 

F®F 
9® 9 

^)GQ"®GQ"{^XL„) 
($' =)GG 



SU{Nc) X SU{N[) X SU{N'^) 

(□,1, !)©(□, 1,1) (/,7=1,--- ,iV^) 

(i,n,i)©(i,n,i) (/',/' = 1,... ,iv;) 

(1,1, ^©(i,!,^) (r,r = i,. ■■,]¥;) 
(□,n,i)©(n,n,i) 
(i,n,n)©(i,n, □) 

(l,n,l)©(l,n,l) {n",n" = !,■■■ ,N'}) 

(1,1,1) (r,^" = i,---,iv;) 

(l,adj,l)© (1,1,1) 



The dual magnetic superpotential, by taking the mass term (12.21) for Q" and Q" and 
massless flavors for m = m' = in the electric theory, which is equal to put a linear term in 
M" in the dual magnetic theory, in addition to the cubic interaction terms, takes the form 

Wduai = [M"q"q" + gX'q" + gq"X' + ^'gi) + m" M" . 

Here q" and q" are fundamental and antifundamental for the third gauge group index respec- 
tively. Then, q"q" has rank A^" while m" has a rank A^^. Therefore, the F-term condition, 
the derivative the superpotential Wduai with respect to M" , cannot be satisfied if the rank N'j 
exceeds A*"". This is so-called rank condition and the supersymmetry is broken [T3]. Other 
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F-term equations are satisfied by taking the vacuum expectation values of g,7j, X' and X' to 
vanisli. 

More explicitly, the classical moduli space of vacua can be obtained from the following 
F-term equations 

q"q" + m = 0, q'M" + X'g = 0, 
M"q" + gX' = 0, X'q" + g^' = (}, 
q"g = 0, q"X' + <l>'g = 0, 
m' = 0, g'g = 0. 

Then, it is easy to see that there exist three reduced equations 

^>M" = = M"q", q"q" + m" = 

and other F-term equations are satisfied if one takes the zero vacuum expectation values for 
the fields g,^,X' and X'. Then the solutions for the equations can be written as follows: 



<q"> = ( ^^q'^^" ),<$">= (v^e-<^l^„ 0),<M">= 
<g> = <:g>=<:X'>=<X'>=0. 



M'o'^N'j-N'J 



Let us expand around a point on these vacua, as done in pQ. Then the remaining relevant 
terms of superpotential can be written as 

W^Ll/ = M'^{5^5^ + m") + 5Z5^^^ + 5Zq'^5^ 

by following the same fluctuations for the various fields as in |12j : 



M" 



5Y SZ 

5Z M[;i^,,^^^ 



as well as the fluctuations of g,^, X' and X'. Note that there exist also three kinds of terms, 
the vacuum < q" > multiplied by 6g6X', the vacuum < q" > multiplied by 6X'Sg, and the 
vacuum < $' > multiplied by 6g6^. However, by redefining these, they do not enter the 
contributions for the one loop result, up to quadratic order. As done in [52], it turns out that 
m^„ will contain (log 4 — 1) > which implies that these vacua are stable. 
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Now let us recombine A^" flavor D4-branes among N'^ flavor D4-branes(connecting between 
D6-branes and A^S'S'^-brane) with the same number of color D4-branes(connecting between 
A^S'5'j:j-brane and A^S'S/j-brane) and push them in +v direction from Figure 2A. We assume 
that A"" > A"^. After this procedure, there are no color D4-branes between A^iSS'^-brane and 
A^S'5/j-brane. For the flavor D4-branes, we are left with only {N" — A"^') = A"" — A"^ flavor 
D4-branes connecting between D6-branes and A^iSS'^-brane. 

Then the minimal energy supersymmetry breaking brane configuration is shown in Figure 
2B. If we ignore the A^S'5'j^-brane, A"^ D4-branes, N'j D6-branes, A^S'Si-brane, Nc D4-branes 
and Nf D6-branes(detaching these from Figure 2B), as observed already, then this brane 
configuration corresponds to the minimal energy supersymmetry breaking brane configuration 
for the M = 1 SQCD with the magnetic gauge group SU {N'^ = N'J — N'^) with N'j massive 
flavors PEHZ]. 

The nonsupersymmetric minimal energy brane configuration in Figure 2B leads to the 
Figure 3 of [11] if we ignore the A^S'S^-brane, Nj D6-branes and Nc D4-branes. Moreover, the 
Figure 2B with a replacement N'j D6-branes by the NS5'-brane(neglecting the A^S'S^-brane, 
Nf D6-branes and N^ D4-branes) will become the Figure 2B of [T9] together with a reflection 
with respect to the A^S'S^-brane and a rotation of A^S'S/j-brane by | angle. 

When one moves the A^S'5'j:j-brane to the left all the way past the A^iSS/j-brane, as long as 
the N'l D6-branes are not parallel to A^S'5'^-brane in an electric theory, then one arrives at 
the other magnetic brane configuration similar to the Figure 2. The only difference is that 
the A^" D6-branes are located at the right hand side of the A^S'5/^-brane. 

Starting with N Sb'j^-N S^l-N Sb'^-N S'or branes configuration, as in the footnote [31 and 
moving the A^S'S/j-brane to the left, one gets the nonsupersymmetric minimal energy brane 
configuration which is exactly the Figure 5B (which will appear later) with a reflection with 
respect to the NS5-brane. Furthermore, by moving the A^SS'^^-brane to the right (as long 
as the Nf D6-branes are not parallel to A^S'5'^-brane in an electric theory), one gets the 
nonsupersymmetric minimal energy brane configuration which is exactly the new figure in 
previous paragraph with a reflection with respect to the A^S'S^-brane. 

After lifting the type IIA description to M-theory, the corresponding magnetic M5-brane 
configuration, in a background space of xt = v^^^^f Y\k=ii'^ ~ ^fc) where is the position 
of the N'f D6-branes in the v direction and this four dimensional space replaces (45610) 
directions, is described by |53] 

^^^N'^+2Nj+N'^ + . . . )(^; - mfh + ^3^^+2^/(^ - mf'f = 
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where we have ignored the lower power terms in v in t^, and t and the scales for the gauge 
groups in front of the first term and the last term, for simplicity. For fixed x, the coordinate 
t corresponds to y. 

From this curve of quartic equation for t above, the asymptotic regions for four NS5- 
branes can be classified by looking at the first two terms providing A^S'S^-brane asymptotic 
region, next two terms providing N Sb'i^-biane asymptotic region, next two terms providing 
A^S'5'^-brane asymptotic region, and the last two terms giving N S^R-hiane asymptotic region 
as follows: 

1. V ^ oo limit implies 

If — >• 0, ?/ ~ v'^" + ■ ■ ■ NSl asymptotic region, 

ti; ^ 0, y ^ yNj+N'j+N'i-N'^ _l asymptotic region. 

2. t/; — > oo limit implies 

f — >■ m, ?/ ~ uo^"'^"^^^ + ■ ■ ■ NS'i^ asymptotic region, 

f — > m, y ~ ^N'^-N'^+Nf+N'j+N'^ _^ NS'^ asymptotic region. 

Here the two NS5'i j:j-branes are moving in the +v direction holding everything else fixed 
instead of moving N'j D6-branes in the +v direction, as in [7]. The harmonic function sourced 
by the D6-branes can be written explicitly by summing over three contributions from the Nf, 
N'j and N'j D6-branes and similar analysis to both solve the differential equation and find out 
the nonholomorphic curve can be done. We expect that an instability from a new M5-brane 
mode arises. 

2.3 Magnetic theory with dual for second gauge group 

Based on the procedure in previous subsection, one continues to consider dualizing one of the 
gauge groups regarding as the other gauge groups as a spectator. One takes the Seiberg dual 
for the second gauge group factor SU{N'^) while remaining the first and third gauge group 
factor SU{Nc) and SU{N") unchanged. Also, since the dualized group's dynamical scale is 
far above that of the other spectator groups, we consider the case where A2 >> Ai, A3. 

Let us move the NSbfi-hrane in Figure 1 to the left all the way past the A^S'5'^^-brane. 
There is also a possibility to move A^S'5'^-brane to the right instead. We'll come to this next 
subsection. After this brane motion, one arrives at the Figure 3A. The linking number of 

N'- ~ 

A^S'Sij-brane from Figure 3A is L5 = — ^ + A"^ — A'c while the linking number of A^iSS^j-brane 
from Figure 1 is L5 = + N" — N'^. Due to the connection of A^" D4-branes with NSbR-hiane 
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in Figure 1, the presence of A^" in the hnking number arises. From these two relations, one 
obtains the number of colors of dual magnetic theory 

N'^ = N'f + N'^ + N,- N'^. (2.4) 

Compared with the previous case given by (12. 3p . the dependence on the ranks of both the 
first gauge group and the third gauge group occurs. 

Let us draw this magnetic brane configuration in Figure 3A and recall that we put the 
coincident N'j^ D6-branes in the nonzero f-direction in the electric theory as well as massless 
flavors for Q{Q") and Q{Q") for simplicity. If we ignore the A^S'S^-brane, A''^ D4-branes, 
Nf D6-branes, N'j D6-branes, the A^S'5'j:j-brane and N'^ D4-branes(detaching these branes 
from Figure 3A), then this brane configuration leads to the standard A/" = 1 SQCD with the 
magnetic gauge group SU{N'^ = N'r — N'^) with N'r massive flavors [31 [6l [7]. 




Figure 3: The AT = 1 supersymmetric magnetic brane configuration with SU{Nc) x SU {N'^) x 
SU{N") gauge group with fundamentals Q{q')[Q"] and Q{^)[Q"] for each gauge group and 
bifundamentals F{g) and F{g) and gauge singlets in Figure 3A. In Figure 3B, the non- 
supersymmetric minimal energy brane configuration with the same gauge group and matter 
contents above for massless Q{Q") and Q{Q") is given. 

In the dual theory, since there exist A^j- quarks q', N'^ quarks If , one bifundamental field 
5'(which gives rise to the contribution of A"") and its complex conjugate field ^( which gives the 
contribution of N'^), one bifundamental field F(which will give rise to the contribution of A'c), 
and its complex conjugate field F(which will give rise to the contribution of A'c), the coefficient 
of the beta function for the second gauge group factor is = 3A^^ ~ ^'f ~ ~ = 

2N'j- + 2A^" + 2A'^c ~ 3A^^ where we inserted the number of colors given in (12.41) in the second 
equahty. Since there exist N'^ quarks Q", N'J quarks Q", one bifundamental field 51 (which 
will give rise to the contribution of A"^), its complex conjugate ^( which will give rise to 
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the contribution of A^^), A^j-fields X", its complex conjugate iVj-fields X", and the singlet 
$"(which will give rise to N'^), the coefficient of the beta function of second gauge group 
factor is = SX^ - N'J - X^ - X} - N'J = N'J + N'^ - N, - 2X} - X}'. Similarly, 

since there exist Nf quarks Q, Xj quarks Q, one bifundamental field F(which will give rise 
to the contribution of X^), and its complex conjugate field F(which will give rise to the 
contribution of X^), the coefficient of the beta function of the ffist gauge group factor is 
^luU) = -Nf-K = 25 - X;' + X^ - X; - X}. 

Therefore, SU{Nc), SU{N'J and SU{N") gauge couplings are IR free by requiring the 
negativeness of the coefficients of beta function. One relies on the perturbative calculations 
at low energy for this magnetic IR free region 6^^^^^^ < 0, b^^^^j^,^ < and ^™^^jy„-) < 0. The 
SU (Xc) fields in the magnetic theory are different from those of electric theory and also the 
SU{N") fields in the magnetic theory are different from those of electric theory. Neglecting 
the SU{Nc) and SU{N") dynamics, the magnetic SU{N'J is IR free when 

X^ - X^' -N,< N' < |x; - X^' - Xe. 

Here the Xc- and X"-dependence appears. 

Then one can summarize the gauge group and matter contents where there are additional 
fields X", X\ M' and as follows: 

gauge group : SU{N^) x SU{N'^) x SU{N') 

matter: Qf®Qj (□, 1, 1) © (□, 1, 1) (/, / = 1, ■ ■ ■ , X^) 

q'f^®^j, (i,n,i)©(i,n,i) (/,/' = I,-- - ,x;) 

Q"r' ® Q"j„ (1, 1, □) © (1, 1, □) (/", 7" = 1, ■ ■ ■ , N'D 

F®F (□,□,!) ©(□,□,!) 

g®9 (!,□,□) ©(!,□,□) 

(X;', ^)GQ' © GQ'{^ Xi',) (1, 1, □) © (1, 1, □) (n', = 1, ■ ■ ■ , X}) 

(m;,~,=)qV (1,1,1) (/',^' = i,--- ,x;) 

{^"=)GG (l,l,adj)© (1,1,1) 

The dual magnetic superpotential, by adding the mass term (12. 2 p for Q' and Q' in the 
electric theory which is equal to put a linear term in M' in the dual magnetic theory, is given 
by 



Wduai = [M'q'q' + gX"q' + gq'X" + + m' M' 
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One sees also the usual cubic interaction terms between the additional fields X" , X'\ M' 
and $" and their dual expressions, 'g(^ , gq' ^ q''(f and gg respectively [T5]. Here q' and q' are 
fundamental and antifundamental for the gauge group index respectively. Then, q'q' has rank 
N'^ while m! has a rank N'^. Therefore, the F-term condition, the derivative the superpotential 
Wduai with respect to M', cannot be satisfied if the rank N'^ exceeds A*"^. This is so-called rank 
condition and the supersymmetry is broken. Other F-term equations are satisfied by taking 
the vacuum expectation values of g^'g, X" and X" to vanish. 

Then the solutions for these equations can be written as follows: 

< > = v/He*!^, ^ _ ^ 5, >^ ( ) , < M' >= » ) . 

<g> = <g > = < X" > = < X" >= 0. 

As we did in previous case, one can analyze the one loop computation by expanding the fields 
around the vacua and it will lead to the fact that states are stable by realizing the mass of 
m^^, positive. 

Then the minimal energy supersymmetry breaking brane configuration is shown in Figure 
3B. If we ignore the A^iSS^^-brane, A''^ D4-branes, Nf D6-branes, A^S'5'^-brane, A*"^' D4-branes 
and Nj D6-branes(detaching these from Figure 3B), as observed already, then this brane 
configuration corresponds to the minimal energy supersymmetry breaking brane configuration 
for the A/" = 1 SQCD with the magnetic gauge group SU{N'^ = N'j — N'^ with N'j massive 
fiavors PEIIT]. 

The nonsupersymmetric minimal energy brane configuration Figure 3B with vanishing A^" 
D6-branes leads to the Figure 3 of [13] with a refiection with respect to the NS5-brane if we 
ignore the A^S'S^-brane, Nf D6-branes and N^. D4-branes. Moreover, this Figure 3B with a 
replacement N'j D6-branes by the NS5'-brane(and neglecting the A^S'S^-brane, Nf D6-branes 
and Nc D4-branes) will become the Figure 2B of |19j with a rotation of A^S'5/j-brane by | 
angle or the Figure 4B of [19] with a refiection with respect to the A^5'5/j-brane if we ignore 
the A^S'5'^-brane, N'f D6-branes and A"" D4-branes from the Figure 3B. 

Starting with N S^'j^-N S^l-N S^'^-N S^r branes configuration, as in the footnote [3], by 
moving the A^S'S^-brane to the right, one gets the nonsupersymmetric minimal energy brane 
configuration which is exactly the Figure 3 with a refiection with respect to the NS5-brane. 

By lifting the type IIA description to M-theory, the corresponding magnetic M5-brane 
configuration, in a background space of xt = v^^^^f W^Liiv — e^) where Ck is the position of 
the N'f D6-branes in the v direction, is described by 
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From this curve of quartic equation for t above, the asymptotic regions for four NS5-branes 
can be classified as follows: 
1. f — i> cx) limit implies 

i« ^ 0, y ~ + . . . NSl asymptotic region, 

t« — >• 0, 2/ ~ v^"'^" + • • • NSr asymptotic region. 

NS'i^ asymptotic region, 
NS'pi^ asymptotic region. 

2.4 Magnetic theory with dual for second gauge group 

For the dualizing the middle gauge group, there exists another magnetic brane configuration. 
One considers dualizing one of the gauge groups regarding as the other gauge groups as a 
spectator, as we did in previous subsections. Also we consider the case where A2 >> Ai,A3, 
in other words, the dualized group's dynamical scale is far above that of the other spectator 
groups. 

Let us move the A^S'S'j^-brane in Figure 1 to the right all the way past the A^S'Sij-brane. 
After this brane motion, one arrives at the Figure 4A. That is, we rotate N'j D6-branes a little 
bit (this does not change the classical electric superpotential as we explained before) and after 
dualizing the second gauge group, we rotate those N'^ D6-branes with opposite direction. The 

N'f ~ 

linking number of A^iSS'^-brane from Figure 4A is L5 = — A^ + A"". On the other hand, the 

N'. 

linking number of A^iSS'j^-brane from modified Figure 1 is L5 = — ^ + A^ — Ac. Due to the 
connection of Ac D4-branes with A^iS5'j^-brane in Figure 1, the presence of Ac in the linking 
number arises. From these two relations, one obtains the number of colors of dual magnetic 
theory 

N[ = N)^ N'^ + N,-N'^ (2.5) 

which is the same as before given in (12. 4p . 

Let us draw this magnetic brane configuration in Figure 4A and recall that we put the 
coincident N'^ D6-branes in the nonzero TJ-direction and the coincident Nf and N'j D6-branes 
at = in the electric theory. 

In the dual theory, since there exist N'^ quarks g', N'^ quarks g', one bifundamental field 
(7(which will give rise to the contribution of A"), its complex conjugate field G(which will 
give rise to the contribution of A^'), one bifundamental field / which(will give rise to the 



2. t/; — i> 00 limit implies 

]S["-N'+Nf I 
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Figure 4: The A/" = 1 supersymmetric magnetic brane configuration with SU {Nc) x SU {N'^) x 
SU{N") gauge group with fundamentals Q{q')[Q"] and Q(q')[Q"] for each gauge group and 
bifundamentals f{G) and f{G) and gauge singlets in Figure 4A. In Figure 4B, the non- 
supersymmetric minimal energy brane configuration with the same gauge group and matter 
contents above for massless Q{Q") and Q{Q") is given. 



contribution of N^)., and its complex conjugate field /(which will give rise to the contribution 
of Nc), the coefficient of the beta function for the second gauge group factor is ^^^^jy,^ = 
3iV^ - N'j - N'l - Nc = 2N'j + 2N'^ + 2Nc - 3N'^ where we inserted the number of colors 
given in (12.51) in the second equality and this is equal to the ^^^^^y/^ in previous subsection. 
Since there exist N'j quarks Q", N'j quarks Q", one bifundamental field G(which will give 
rise to the contribution of A*"^), and its complex conjugate field ^(which will give rise to 
the contribution of A*"^), the coefficient of the beta function of second gauge group factor is 
^s^W) = ~ ~^c = 2A^" + K-Nc-N'f- N'j. Similarly since there exist Nf quarks 
Q, Nf quarks Q, one bifundamental field /(which will give rise to the contribution of A"^), 
its complex conjugate field /(which will give rise to the contribution of A^^), A'j-fields X, its 
complex conjugate A^^-fields X, and the singlet $(which will give rise to A^), the coefficient 
of the beta function of the first gauge group factor is &5^(jVc) ~ "^^^ — Nf — N'^ — Nj — Nc = 
Nc - K + N'c-Nf- 2N'f. 

Therefore, SU{Nc), SU{N'c) and SU^N") gauge couplings are IR free by requiring the 
negativeness of the coefficients of beta function. One relies on the perturbative calculations 
at low energy for this magnetic IR free region < 0, < and < 0. 

Neglecting the SU{Nc) and SU{Nc) dynamics, the magnetic SU{N'c) is IR free when 

A^^ - N'^ -Nc< N' < -N'^ - N'^ - Nc. 
■' 2 

Then one can summarize the gauge group and matter contents where there are additional 
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fields X,X,M' and $ as follows: 

gauge group : SU{N^) x SU{N'^) x SU{N') 

matter: Qf®Qj (□, 1, 1) © (□, 1, 1) (/, / = 1, ■ ■ ■ , iV^) 

q'f^®^j, (i,n,i)©(i,n,i) (/',/' = I,-- ■ ,iv;) 

Q"r' © (1, 1, □) © (1, 1, □) (/", 7" = 1, ■ ■ ■ , iv;) 

/©/ (□,□,!) ©(□,□,!) 

G®G (!,□,□)© (!,□,□) 

{Xni=)FQ'®FQ\=Xn') (□,!, !)©(□, 1,1) (n', = 1, ■ ■ ■ , iV}) 

(M},~,=)QV (1,1,1) (/',^' = i,--- ,iv;) 

($=)FF (adj, 1,1) ©(1,1,1) 

The dual magnetic superpotential, by adding the mass term (12. 2 p for Q' and Q' in the 
electric theory, which is equal to put a linear term in M' in the dual magnetic theory, is given 
by 

Wduai = [M'q'q' + fXq' + fq'X + ^ffj + m' M' . 

Here q' and q' are fundamental and antifundamental for the gauge group index respectively 
|14j . Then, q'q' has rank A*"^ while m' has a rank N'j^. Therefore, the F-term condition, the 
derivative the superpotential Wduai with respect to M' , cannot be satisfied if the rank N'j- 
exceeds A*"^. This is so-called rank condition and the supersymmetry is broken. Other F-term 
equations are satisfied by taking the vacuum expectation values of /, f,X and X to vanish. 
Then the solutions can be written as follows: 



< g' > 



( * ).<?>=( V^^e'H,, ) , < M' >= ° ) 



</> = < f >=< X >=< X >=0. 

As we did in previous case, one can analyze the one loop computation by expanding the fields 
around the vacua and it will lead to the fact that states are stable by realizing the mass of 
m^^^ positive. 

Then the minimal energy supersymmetry breaking brane configuration is shown in Figure 
4B. If we ignore the A^iSSi-brane, Nc D4-branes, Nf D6-branes, A^S'5'^-brane, N'^ D4-branes 
and N'l D6-branes( detaching these from Figure 4B), then this brane configuration looks simi- 
lar to the minimal energy supersymmetry breaking brane configuration for the A/" = 1 SQCD 
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with the magnetic gauge group SU {N'^ = Nj — N'J with N'jr massive flavors. The difference 
occurs in the position of D6-branes. 

The nonsupersymmetric minimal energy brane configuration Figure 4B with a replacement 
N'jr D6-branes by the NS5 '-brane (neglecting the A^iSS'^-brane, N'J D6-branes and N" D4- 
branes with vanishing Nf D6-branes) leads to the Figure 5B of [19j with a rotation of NS5'j^- 
brane by | angle. 

Starting with NS5'];^-NS5l-NS5'pi-NS5r branes configuration, as in the footnote [3], by 
moving the A^S'5'^-brane to the left, one gets the nonsupersymmetric minimal energy brane 
configuration which is exactly the Figure 4 with a reflection with respect to the NS5-brane. 

After lifting the type IIA description to M-theory, the magnetic M5-brane configuration, 
in a background space of xt = v'^^'^'^f Y[k=ii'" ~ ^k), is described by 



+ 



\2N' I 

m) + 



t + V f f [V — m) t = 0. 



From this curve of quartic equation for t above, the asymptotic regions for four NS5-branes 
can be classified as follows 

1. V ^ oo limit implies 

w ^ 0, y ~ v^" + ■ ■ ■ NSl asymptotic region, 

w ^0, y yK-^c+Nf+N'j. _^ j^g^ asymptotic region. 

2. w ^ oo limit implies 

f — ^ m, ?y ~ w^" -^c+Nf+Nj_. NS']^ asymptotic region, 

V ^ m, ?/ ~ 'Uj^^+^z+^/^^c + ■ ■ ■ NS'j^ asymptotic region. 

2.5 Magnetic theory with dual for first gauge group 

Now we turn to the last magnetic brane configuration. One considers dualizing one of the 
gauge groups regarding as the other gauge groups as a spectator, as done in previous subsec- 
tions. Also we consider the case where Ai >> A2,A3, in other words, the dualized group's 
dynamical scale is far above that of the other spectator groups. 

Let us move the A^S'S^-brane in Figure 1 to the right all the way past the AS'5'^-brane. 
After this brane motion, one arrives at the Figure 5A. Recall that the Nf D6-branes are 
perpendicular to the AS'S^-brane in Figure 1. The linking number of AS'Si-brane from 
Figure 5A is L5 = ^ — A'c -|- N'^. Due to the connection of N'^ D4-branes with A^S'S^-brane 
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in Figure 5A, the presence of A*"^ in the hnking number arises. On the other hand, the hnking 
number of NSbL-hT&ne from Figure 1 is L5 = — ^ + Nc- From these two relations, one 
obtains the number of colors of dual magnetic theory 

N, = Nf + N'^- N,. (2.6) 

Let us draw this magnetic brane configuration in Figure 5A and recall that we put the 
coincident Nf D6-branes in the nonzero ti-direction as well as Nj and NJ D6-branes at v = 
in the electric theory. If we ignore the iViSSR-brane, A*"^ D4-branes, A^ D6-branes, the NSb'p^- 
brane, N'j D6-branes and A^' D4-branes( detaching these branes from Figure 5A), then this 
brane configuration leads to the standard A/" = 1 SQCD with the magnetic gauge group 
SU{Nc = Nf- Ae) with A/ massive flavors P El [7]. 




Figure 5: The M = 1 supersymmetric magnetic brane configuration with SU ( A^) x SU ( A^) x 
SU{N") gauge group with fundamentals q{Q')[Q"] and q{Q')[Q"] for each gauge group and 
bifundamentals F{g) and F{g) and gauge singlets in Figure 5A. In Figure 5B, the non- 
supersymmetric minimal energy brane configuration with the same gauge group and matter 
contents above for massless Q'{Q") and Q'{Q") is given. 

In the dual theory, since there exist Nf quarks q, Nf quarks q, one bifundamental field 
/(which will give rise to the contribution of A"^), and its complex conjugate /(which will 
give rise to the contribution of A^), the coefficient of the beta function for the third gauge 
group factor is ^^^^^^ ^ = 3A^c — Nf — N'^ = 2Nf + 2N'^ — 3Nc where we inserted the number 
of colors given in (12. 6p in the second equality. Since there exist Nf quarks Q', Nf quarks 
Q' , one bifundamental field /(which will give rise to the contribution of Nc), its complex 
conjugate field /(which will give rise to the contribution of Ac), one bifundamental field 
(7(which will give rise to the contribution of A^')) complex conjugate ([^(which will give 
rise to the contribution of N'J), Nf fields X', its complex conjugate Nf fields X', and the 
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singlet $' (which will give rise to A^^), the coefficient of the beta function of second gauge 
group factor is 6"^^^,^ = 3N'^ - N'^-N,- N'^ - Nj - N'^ = N'^ + N, - N'J - 2Nf - N}. 
Similarly, since there exist N'j quarks Q", Nj quarks Q", one bifundamental field (?( which 
will give rise to the contribution of A*"^), and its complex conjugate field G(which will give rise 
to the contribution of A*"^), the coefficient of the beta function of the third gauge group factor 

i« bsuU') = ^^c-^f-^c = ^suiNn- 

Therefore, SU{Nc), SU{N'J and SU{N") gauge couplings are IR free by requiring the 

negativeness of the coefficients of beta function. One relies on the perturbative calculations 
at low energy for this magnetic IR free region f*™^^^ ^ < 0, ^^^^^y^) < and h^^\N") ^ ^- Note 
that the SU{N'^) fields in the magnetic theory are different from those of the electric theory. 
Since hsu(N'^) — ^^uIn') ^ ^^i^c) is more asymptotically free than SU{N'J"^"-^ . Neglecting 
the SU^N'J and SU{N") dynamics, the magnetic SU{Nc) is IR free when 

N,-K<Nj< ^N, - K. 

Then one can summarize the gauge group and matter contents where there are additional 
fields X',X',M and $' as follows: 

gauge group : SU{N^) x SU{N';) x SU{N'^) 

matter: qj^Qf (□, 1, 1) © (□, 1, 1) {fJ=l,---,Nj) 

Q'f ® Q'j, (1, □, 1) © (1, □, 1) (/, ? = 1, ■ ■ ■ , A^;) 

Q> © Q}„ (1, 1, □) © (1, 1, □) (/", r = 1, ■ ■ ■ , N'j) 

f®J (□,□,!) ©(□,□,!) 

G®G (!,□,□) ©(!,□,□) 

{X', =)FQ © FQ{= XL) (1, □, 1) © (1, □, 1) (n, n = 1, ■ ■ ■ , AT^) 
iMf,g^)QQ (1,1,1) {f,g = !,■■■ ,Nf) 

{<^'=)FF (l,adj,l)© (1,1,1) 

The dual magnetic superpotential, by adding the mass term (12. 2p for Q and Q in the 
electric theory, which is equal to put a linear term in M in the dual magnetic theory, is given 
by 



Wrf^a/ = [Mqq + fX'q + fqX' + $7/) + mM. 



Here q and q are fundamental and antifundamental for the gauge group index respectively. 
Then, g^has rank while m has a rank Nj. Therefore, the F-term condition, the derivative 
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the superpotential Wduai with respect to M, cannot be satisfied if the rank Nf exceeds Nc- 
This is so-called rank condition and the supersymmetry is broken. Other F-term equations 
are satisfied by taking the vacuum expectation values of /, /, X' and X' to vanish. 
Then the solutions can be written as follows: 

<,> = ( *).<?>=( 0),<M>=(° M„lV )■ 

</> = < />=< X' >=< X' >= 0. 

As we did in previous case, one can analyze the one loop computation by expanding the fields 
around the vacua and it will lead to the fact that states are stable by realizing the mass of 
m\j^ positive. 

Then the minimal energy supersymmetry breaking brane configuration is shown in Figure 
5B. If we ignore the NSbR-hiane, N'^ D4-branes, N'j D6-branes, N Sb'pj-biane, N" D4-branes 
and N'l D6-branes(detaching these from Figure 5B), as observed already, then this brane 
configuration is the minimal energy supersymmetry breaking brane configuration for the J\f = 
1 SQCD with the magnetic gauge group SU{Nc = Nj — Nc) with Nf massive fiavors [3], El [7]. 

The nonsupersymmetric minimal energy brane configuration Figure 5B with a replacement 
Nf D6-branes by the NS5 '-brane (neglecting the NSd'^-hrsme, Nf D6-branes and N" D4- 
branes and Nf D6-branes) leads to the Figure 4B of [T9] . 

When we move the XS'5'^-brane in Figure 1 to the left all the way past the XS'S^-brane, 
then one arrives at the magnetic brane configuration similar to the Figure 5. The only 
difference is that the Nf D6-branes are located at the right hand side of the XS'S^-brane. 
Then this nonsupersymmetric minimal energy brane configuration with a replacement Nf D6- 
branes by the NS5'-brane(by neglecting the NSb'^^-hTsme, N'j D6-branes and N" D4-branes) 
leads to the Figure 5B of fT9j with a refiection with respect to the NS5-brane and an extra 
rotation of XS'S'j^-brane by | angle. 

Starting with NS5'^-NS5L-NS5'f(-NS5R branes configuration, as in the footnote [3], by 
moving the XiSSi-brane to the left, one gets the nonsupersymmetric minimal energy brane 
configuration which is exactly the Figure 2 with a refiection with respect to the NS5-brane. 
Furthermore, by moving the NS b'^^-hiane to the right, one gets the nonsupersymmetric min- 
imal energy brane configuration which is exactly the new figure in previous paragraph with a 
reflection with respect to the XS'Si-brane. 

The corresponding magnetic M5-brane configuration, in a background space of xt = 
{v — Cfc) where this four dimensional space replaces (45610) directions, is de- 
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scribed by 



+ 



V 



From this curve of quartic equation for t above, the asymptotic regions for four NS5-branes 
can be classified as follows: 

1. V ^ oo limit implies 

— » 0, ?/ ~ y^a-Nc+Nf _|_ . . . NSl asymptotic region, 

n Nf+N'+N'J-N' I Arc i- i-- 

w ^ \}, y V ' s " + iV asymptotic region. 

2. w ^ oo limit implies 

V ^ m, y ^ w^" + ■ ■ ■ NS'j^ asymptotic region, 

V ^ m, y w^^'^'^f^'^f^^" + ■ ■ ■ NS'^ asymptotic region. 

2.6 Magnetic theories for the multiple product gauge groups 

Now one can generalize the method for the triple product gauge groups to the finite n-multiple 
product gauge groups characterized by [HI H?] 

with the matter, the (n — 1) bifundametals (Di, ^2, 1, ■ ■ ■ ,1), ■ ■ • , and (1, ■ ■ ■ ,1, Dn-i, Dn), 
their complex conjugate (n — 1) fields (Di, ^2, 1, ■ ■ ■ ,1), ■ ■ ■ , and (1, ■ ■ ■ ,1, Dn-i, n„), link- 
ing the gauge groups together, n-fundamentals (Di, 1, ■ ■ ■ ,1), ■ ■ ■ , and (1, ■ ■ ■ ,1, and 
n-antifundamentals (Di, 1, • • • ,1), • • • , and (1, ■ ■ ■ ,1, Dn)- Then the mass-deformed super- 
potential can be written as Weiec = ^"=1 ^iQiQi- The brane configuration can be constructed 
similarly and any two neighboring NS-branes are perpendicular to each other. 

There exist (2n — 2) magnetic theories and they can be classified as four cases as follows. 

• Case 1 

When the Seiberg dual is taken for the first gauge group factor by assuming that Ai >> A, 
where i = 2, - ■ ■ ,n, one follows the procedure given in the subsection 2.5. The gauge group is 

^[/(iVe,i = Nf^i + A^e,2 - iVc,l) X SUiN,,2) X ■ ■ ■ X SUiN,,^) 

and the matter contents are given by the dual quarks qi (Di, 1, ■ ■ ■ ,1) and 5i in the rep- 
resentation (Di, 1, ■ ■ ■ ,1) as well as {n — 1) quarks Qi and Qi where i = 2, ■ ■ ■ ,n, the bi- 
fundamentals /i in the representation (Di, ^2, 1, ■ ■ ■ ,1) under the dual gauge group, • • ■ , 
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and /i in the representation (Di, ^2, 1, ■ ■ ■ ,1) under the dual gauge group in addition to 
(n — 2) bifundamcntals Gi and Gj, and various gauge singlets X2,X2,Mi and $2- The 
corresponding branc configuration can be obtained similarly and the extra (n — 3) NS- 
branes, (n — 3) sets of D6-brancs and (n — 3) sets of D4-branes are present at the right 
hand side of the A^S'5'^-brane of Figure 5. The magnetic superpotential can be written as 
Wduai = (^MiQiqi + fiX2qi + /igi^2 + ^2.fi.fi^ + miMi. By computing the contribution for 
the one loop as in the subsection 2.5, the vacua are stable and the asymptotic behavior of 
(n + 1) NS-branes can be obtained also. 

• Case 2 

When the Seiberg dual is taken for the last gauge group factor by assuming that A„ >> A, 
where i = 1,2, - ■ ■ , (n — 1), one follows the procedure given in the subsection 2.2. The gauge 
group is given by 

The corresponding brane configuration can be obtained similarly and the extra {n — 3) NS- 
branes, (n — 3) sets of D6-branes and (n — 3) sets of D4-branes are present at the left hand 
side of the A^S'S^-brane of Figure 2. The magnetic superpotential can be written as Wduai — 

(Mnqnqn + Qn-lXn-iqn + ^n-l^n^n-l + $n-l5'n-lfi'n-l) + m„M„. 

• Case 3 

When the Seiberg dual is taken for the middle gauge group factor by assuming that 
Aj >> Kj where j = 1,2, ■ ■ ■ ,i — l,i + 1, ■ ■ ■ ,n, one follows the procedure given in the 
subsection 2.3. The gauge group is given by 

• • • X SU{N,,i_,) X SU{Nc,i = Nf,i + N,,i+i + Ar,,,_i - AT,,,) x SU{N,,i+i) x • • • 

where 2 < i < n — 1 implying that the number of possible magnetic gauge group is (n— 2). The 
corresponding brane configuration can be obtained similarly and the extra {i — 2) NS-branes, 
[i — 2) sets of D6-branes and (i — 2) sets of D4-branes are present at the left hand side of the 
A^S'Si-brane and the extra (n — i — V) NS-branes, (n—i — V) sets of D6-branes and in — i — V) sets 
of D4-branes are present at the right hand side of the A^S'5'^-brane of Figure 3. The magnetic 
superpotential can be written as W^uai = (^Miqiqi + giXi+iqi + giqiXi+i + $j+i5fj^j+i^ +miMi. 

• Case 4 

When the Seiberg dual is taken for the middle gauge group factor with different brane 
motion by assuming that Aj >> Aj where j = l,2,---,i — l,i + l,---,n, one follows the 
procedure given in the subsection 2.4. The gauge group is given by 

• • • X SUiN,,i_,) X SU{N,,i = Nf^i + A^e,^+i + N,,i-i - N,,i) x 5C/(Ar,,,+i) x • • • 



26 



where 2 < i < n — 1 implying that the number of possible magnetic gauge group is given 
by (n — 2). The corresponding brane configuration can be obtained similarly and the ex- 
tra {i — 2) NS-branes, {i — 2) sets of D6-branes and {i — 2) sets of D4-branes are present 
at the left hand side of the A^S'S^-brane and the extra (n — i — 1) NS-branes, [n — i — 1) 
sets of D6-branes and {n — i — 1) sets of D4-branes are present at the right hand side 
of the A^S'5'j:j-brane of Figure 4. The magnetic superpotential can be written as Wduai = 
(^MiqiQi + fi_iXi_iqi + Ji-iqiXi^i + + rriiMi. 

3 Nonsupersymmetric meta-stable brane configurations 

of Sp{N,) X SO{2N'^) X Sp{N'^) and its multiple product 
gauge theories 

3.1 Electric theory 

The gauge group and matter contents are summarized as follows: 





gauge group : 


Sp{N,) X S0{2N'J X 






matter : 


Qf 


(□,1,1) 


(/ = i,-- 


.,2Nf) 




Q'r 


(i,n,i) 


(/' = i,-- 


■ , 2iV}) 




Q'f" 


(1,1, □) 


(/" = 1, ■ 


..,2iv;; 




F 


(□,□,1) 








G 









In the electric theory □, since there exist 2Nf quarks Q, and one bifundamental field 
F(which will give rise to the contribution of 2N'^), the coefficient of the beta function of the 
first gauge group factor is bsp{Nc) = 3(2Ai'c + 2) — 2Nf — 2N'^. Similarly, since there exist 2Nj 
quarks Q', one bifundamental field F(which will give rise to the contribution of 2Nc), and one 
bifundamental field G(which will give rise to the contribution of 2N"), the coefficient of the 
beta function of the second gauge group factor is bso{2N^) = 3(2Ai'^ ~ 2) — 2Nj — 2Nc — 2N'J. 
Finally, since there exist 2N'I quarks Q" , and one bifundamental field G(which will give rise 
to the contribution of 2N'J, the coefficient of the beta function of the third gauge group factor 
is bspiN^') = 3(2iV^' + 2) - 2N'I - 2N'^. 

The anomaly free global symmetry contains SU{2Nf) x SU{2N'j) x SU{2N'f) x U{1)r and 
let us denote the strong coupling scales for Sp{Nc) as Ai, for S0{2N'^ as A2 and for Sp{N") 

"'For Sp{Nc) X S0{2N'^ + 1) x Sp{N'J) gauge theory, the analysis can be done similarily and we do not 
present here. 
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as A3. The theory is asymptotically free when bsp{Nc) > for the Sp{Nc) gauge theory, when 
bso{2N^) > for the S0{2N'J gauge theory, and when hsp{N'j) > for the Sp{N") gauge 
theory. 

The classical electric superpotential can be obtained from fl2.1l) by orientifolding 

Welec = {f^A^ + ^QAQ + FAF + + >!Q'AQ' + FAF + GAG 

+ + M'Q"A'Q" + GA'G) + mQQ + m'Q'Q' + m"Q"Q" (3.1) 

where the coefficient functions fi, fi' , fi" , X, X' and A" are given by six rotation angles. Here 
the adjoint field for Sp{Nc) gauge group is denoted by A, the adjoint field for S0{2N'J gauge 
group is denoted by A', and the adjoint field for Sp{N") gauge group is denoted by A". The 
mass terms of these adjoint fields are related to the rotation angles of NS-branes in type IIA 
brane configuration. The couplings of fiavors with these adjoint fields are related also to the 
rotation angles of NS-branes as well as the rotation angles of D6-branes. We add the mass 
terms for each fiavor. Setting the fields Q", G, and A" to zero, the superpotential becomes 
the one described in [15] . 

After integrating out the adjoint fields A, A' and A", this superpotential (13. ip at the 
particular orientations for branes, i.e., the case where any two neighboring NS-branes are 
perpendicular to each other, will reduce to the last three mass-deformed terms since the 
coefficient functions and ^ vanish at this particular rotation angles for branes. Then 
the classical superpotential by deforming this theory by adding the mass terms for the quarks 
Q{Q')[Q"] is given by 

Welec = mQQ + m'Q'Q' + m"Q"Q". (3.2) 

The type IIA brane configuration for this mass-deformed theory can be described by as 
follows. The 2A'c-color D4-branes (01236) are suspended between the NSbL-hrane (012345) 
and the A^S'5'j^-brane (012389) along direction, together with Nf D6-branes (0123789) which 
are parallel to NS5']^-hTa.ne and have nonzero +v direction(and their mirrors). The NS5ji- 
brane is located at the right hand side of the A^S'5'^-brane along the direction and there 
exist 2A''^-color D4-branes suspended between them, with N'jr D6-branes which have nonzero 
+v direction(and their mirrors). Moreover, the A^iS'5'^-brane is located at the right hand side 
of the iViS'5/j-brane along the x^ direction and there exist 2A^^'-color D4-branes suspended 
between them, with A^^ D6-branes which have nonzero +v direction(and their mirrors). 

One summarizes the brane configuration as follows: 

• NS5LiNS5R)-hTane in (012345) directions. 

• NS5'j^{NS5'ji)-hrane in (012389) directions. 
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• 2iVc(2iV^)[2A^"]-color D4-branes in (01236) directions. 

• 2iV/(2A^})[2A^}'] D6-branes in (0123789) directions. 

• 04^-planes in (01236) directions 

Now we draw this electric brane configuration in Figure 6 and we put the coincident 
Nf{Nj)[N'j] D6-branes in the nonzero +v direction(and their mirrors). The quarks Q{Q')[Q"] 
correspond to strings between the 2Nc{2N2)[2N'^]-coloi D4-branes with 2A^/(2A^}) [2A^j.'] D6- 
branes. The bifundamentals F{G) correspond to strings stretching between the 2Nc{2N'^)- 
color D4-branes with 2N'^{2N'J)-coIot D4-branes. 



Figure 6: The N" = 1 supersymmetric electric brane configuration with Sp{Nc) x S0{2N'J x 
Sp{N") gauge group with flavors Q{Q')[Q"] for each gauge group and bifundamentals F{G). 

3.2 Magnetic theory with dual for third gauge group 

Let us take the Seiberg dual for the third gauge group factor Sp{N") while keeping the 
flrst and the second gauge group factors Sp{Nc) and S0{2N'^ untouched. Suppose that 
A3 >> Ai,A2. This can be done by type IIA string theory side via brane motion. After 
we move the N Sbn-biaxie in Figure 6 to the right all the way past the A'^S'S^-brane, we 
arrives at the Figure 7A. Then the linking number of A^S'5/j-brane from Figure 7A is given 

(2N'') ~ 

by L5 = — Y 1 ~ (1) ~ '^^c- Note that 04"'"-plane with RR charge +1 realizes a symplectic 

gauge group while 04~-plane with RR charge —1 does an orthogonal gauge group. Originally, 

(2A''") 

it was L5 = 2^ + 1 — (—1) + 2A'" — 2A''^ from Figure 6 before the brane motion. Therefore, 

by the linking number conservation and equating these two Ls's each other, we are left with 
the number of colors in the magnetic theory A^"" = A^^ + A"^ — N'^ — 2. Note the dependence 
on A"^ here and the constant piece —2 comes from the presence of 04-plane. 

Let us draw this magnetic brane conflguration in Figure 7A and we put the coincident N'l 
D6-branes in the nonzero +v direction(and its mirrors) as well as the massless Q{Q'). If we 
ignore the A^S'S^-brane, 2 Ac D4-branes, 2Nf D6-branes, the A^S'S'^^-brane, 2A'^ D4-branes and 




(8.9) 
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2N'r D6-branes(detaching these branes from Figure 7A), then this brane configuration leads 



to the standard A/" = 1 SQCD with the magnetic gauge group Sp{N" 
Nj massive fiavors |TT] . 



N'J - 2) with 




Figure 7: The Af = 1 supersymmetric magnetic brane configuration with Sp{Nc) x S0{2N'J x 
Sp{N'^) gauge group with fiavors Q{Q')[q"] for each gauge group, the bifundamentals F{g), 
and gauge singlets in Figure 7A. In Figure 7B, the nonsupersymmetric minimal energy brane 
configuration with the same gauge group and matter contents above for massless Q{Q') is 
given. 

In the dual theory, since there exist 2N'I fundamental fields q", and one bifundamental 
field ^((which will give rise to the contribution of 2N'^), the coefficient of the beta function 



is b 



mag 



3{2N'^ + 2) - 2N'I - 2N'^ and since there are 2N' fundamental fields Q', 2N'^ 



fundamental fields g for the second factor, 2Nc fundamental fields F for the first factor, an 
antisymmetric tensor $' (which will contribute to {2N'^ — 2)), and 2N'j fields X', the coefficient 
of the beta function is 650(27v^) = ^C^K - 2) - 2A} - 2N'^ - 2Nc - {2N'^ - 2) - 2N'j. Since there 
exist 2Nf quarks Q, and one bifundamental field F(which will give rise to the contribution of 
2N'J, the coefficient of the beta function of the first gauge group factor is b^p^^^^ = 3(2A^c + 
2) — 2Nf — 2N'^ = bsp(Nc)- Note that the Sp{Nc) fields in the magnetic theory are the same 
as those of the electric theory. 

Therefore, both Sp{N"), S0{2N'J, and Sp{Nc) gauge couplings are IR free by requiring the 
negativeness of the coefficients of beta function. One can rely on the perturbative calculations 
at low energy for this magnetic IR free region b^^^j^,,^ < 0, &5o^2Af') ^ 0' ^^p{Nc) ^ ^■ 



Note that the S0i2N'^ fields in the magnetic theory are different from those of the electric 
theory. Since bso{2N'^) ~b^o{2N') ^ '5'0(2A^^) is more asymptotically free than S0(2N'^'^"-^ . 
Neglecting the S0{2N'^ and Sp{N^ dynamics, the magnetic Sp{N") is IR free when 



N'^ + 2-N'^<N'; <-{N': + l)-K. 
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Then one can summarize the gauge group and matter contents where there are additional 
fields X', M" and $' as follows: 



matter 



gauge group : 


Sp{N,) X S0{2N':} 


X 




Qf 


(□,1,1) 


(/ = i,--- 


,2iV/) 


Q'f 


(i,n,i) 


(/' = i,--- 


, 2M) 




(1,1, □) 


(/" = i,-- 




F 


(□,□,1) 






g 








(X;„ ^)GQ" 


(i,n,i) 


{n" = l,.. 


■ , 2iv;) 




(1,1,1) 


if", 9" = I, 


...,2iv; 


($' =)GG 


(1, asymm, 1) 





The dual magnetic tree level superpotential, by adding the mass term for the Q" in electric 
theory corresponding to add a linear term in M" in dual magnetic theory, is given by 

Wduai = {M"q"q" + gX'q" + ^'gg) + m"M". 

Here q" is fundamental for the gauge group index [15j. Then, q"q" has rank 2N'^ while m" has 
a rank "iN'j. Therefore, the F-term condition, the derivative the superpotential W^uai with 
respect to M" , cannot be satisfied if the 2N'j exceeds 2N". This is so-called rank condition 
and the supersymmetry is broken. 

More explicitly, the classical moduli space of vacua can be obtained from F-term equations. 
From the F-terms Fg/r and Fm", one gets M"q" + gX' = = q"q" + m. Similarly, one obtains 
^' g + X'q" = = gg from the F-terms Fg and F$/. Moreover, there is a relation q"g = from 
the F-term Fx'- Then, one obtains the following solutions 



< q" >-- 











M^'l(^,,_^„) ® ia^ 



<g>=0=<X' > 



where Mq1^^,i_^,,^ ® ia^ is an arbitrary 2{N'I — N") x 2{NJ — A^") antisymmetric matrix and 
the zeros of < q" > are 2{N'j — N'^) x 2N'^ zero matrices. Similarly, the zeros of 2N'j x 2N'I 
matrix M" are assumed also. 

Then the superpotential becomes 
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by following the fluctuation for the fields 

as well as the fluctuations for g and X' . There are two kinds of terms, the vacuum of < q" > 
multiplied by SX'6g and the vacuum of < $' > multiplied by Sg5g. By redefining these 
as 6X'6g and 6g6g respectively, they do not enter the contributions for the one loop result. 
At one loop, the effective potential V^jj for Mg can be obtained from this superpotential 
which consists of the matrices M and of [52] where the defining function T{v'^) can be 
computed. Using the equation (2.14) of [52J of m\^i, and J^iy"^), one gets that m\j„ will 
contain (log 4 — 1) > 0. This implies that these vacua are stable. 

Then the minimal energy supersymmetry breaking brane configuration is shown in Fig- 
ure 7B. If we ignore the AS'S^-brane, 2Nc D4-branes, 2A^/ D6-branes, the AS'5'^-brane, 2N'^ 
D4-branes and 2N'j D6-branes(detaching these branes from Figure 7B), then this brane con- 
figuration corresponds to the minimal energy supersymmetry breaking brane configuration 
for the M = 1 SQCD with the magnetic gauge group Sp{N'^) with N'^ massive flavors [6| [TT]. 

The nonsupersymmetric minimal energy brane configuration Figure 7B with vanishing 
2N'j- D6-branes leads to the Figure 3 of [15] if we ignore the A^S'5L-brane, 2A^/ D6-branes 
and 2A''c D4-branes. Moreover, this Figure 7B with a replacement N'j D6-branes by the NS5'- 
brane (neglecting the AiS'5i-brane, 2Nf D6-branes and 2A^c D4-branes) will become the Figure 
7B of [19j with a reflection with respect to the A^S'5L-brane and a rotation of A5'5ij-brane by 
I angle. 

Starting with NS5'^-NS5L-NS5'fi-NS5R branes conflguration, as in the footnote [3], by 
moving the A^S'5i:j-brane to the left, one gets the nonsupersymmetric minimal energy brane 
conflguration which is exactly the Figure lOB (which will appear later) with a reflection with 
respect to the NS5-brane. Furthermore, by moving the A^S'5'2^-brane to the right, one gets 
the nonsupersymmetric minimal energy brane conflguration which is exactly the new flgure 
in previous paragraph with a reflection with respect to the AS'5L-brane. 

After lifting the type IIA description we explained so far to M-theory, the corresponding 
magnetic M5-brane conflguration, in a background space of xt = v^^^^"^^! W^Lii'^'^ ~ ^1) 
where this four dimensional space replaces (45610) directions, is characterized by [55] 

^^^2N'j+2+m,+2N'^ + ■ ■ ■ )(t;' - mY"t + ^^^^+^^/(t;2 - m^)^^/ = 

where we ignored both the lower power terms in v and the scales for the gauge groups for 
simplicity. 
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From this curve of quartic equation for t above, the asymptotic regions can be classified 
as follows: 

1. f — i> cx) limit implies 

0, ?/ ~ ^2Afc+2 _|_ . . . NSl asymptotic region, 
^ ^ 0, 2/ ~ ^;2iv,+27V^+2ivy-2iv^'-2 ^ . . . asymptotic region. 

2. t/; — > oo limit implies 

V — > m, ?/ ~ ^(;2Af^-2Arc-2+2Arj + • ■ • N S'j^ asymptotic region, 
^^rn, ^2K'+2-2K+2N,+2N'^+2N'J ^ . . . asymptotic region. 

3.3 Magnetic theory with dual for second gauge group 

Let us take the Seiberg dual for the second gauge group factor S0{2N'^ while keeping the first 
and the third gauge group factors Sp{Nc) and Sp{N'^) untouched. Suppose that A2 >> Ai, A3. 
After we move the A^iSSij-brane in Figure 6 to the left all the way past the A^S'5'^-brane, the 

(2A'"' ) ~ 

linking number of A^S'S^-brane from Figure 8A is given by L5 = ^ — 1 — (1) + 2N'^ — 2Nc. 

(2N' ) 

Originally, it was L5 = — 2^ + 1 — (— l)+2Ai"" — 2A''^ from Figure 6 in electric theory before the 
brane motion. Therefore, by the linking number conservation and equating these two Ls's each 
other, we are left with the number of colors in the magnetic theory A^"^ = Nj + N^ + Nc — N'^ + 2. 
Here the dependence on Nc and N" arises. 

Let us draw this magnetic brane configuration in Figure 8A and we put the coincident N'j 
D6-branes in the nonzero v direction(and its mirrors). For the Nf and N'j D6-branes we con- 
sider the massless flavors and then they are located at = 0. If we ignore the A^S'Si-brane, 2A''c 
D4-branes, 2Nf D6-branes, the A^S'5'j:j-brane, 2A'" D4-branes and 2A^" D6-branes(detaching 
these branes from Figure 8A), then this brane configuration leads to the standard A/" = 1 
SQCD with the magnetic gauge group S0{2N'^ = 2{Nj + + Nc-K + 2)) with A^} massive 
flavors 

In the dual theory, since there exist 2N'j fundamental fields g', one bifundamental field 
5'(which will give rise to the contribution of 2N"), and one bifundamental field F(which 
will give rise to the contribution of 2A'c), the coefficient of the beta function is ^™q^2jv') ~ 
3(2iV^ - 2) - 2 A"} - 2A'^' - 2A^c and since there are 2A'^ fundamental fields g for the first factor, 
2NJ fundamental fields Q", an antisymmetric tensor $" (which will contribute to (2 A"" + 2)), 
and a field X"(which will contribute to 2A^j), the coefficient of the beta function is ^^(^//) = 
3(2A^; + 2) - 2N'^ - 2N'I - (2A'^' + 2) - 2A^}. Since there exist 2Nj quarks Q, and one 
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Figure 8: The TV = 1 supersymmetric magnetic brane configuration with Sp{Nc) x S0{2N'J x 
Sp{N'J) gauge group with flavors Q{q')[Q"] for each gauge group, the bifundamentals F{g), 
and gauge singlets in Figure 8A. In Figure SB, the nonsupersymmetric minimal energy brane 
configuration with the same gauge group and matter contents above for massless Q{Q") is 
given. 



bifundamental field F(which will give rise to the contribution of 2N'^), the coefficient of the 
beta function of the first gauge group factor is b^p^j^i^-j = 3(2A^c + 2) — 2Nf — 2N'^. 

Therefore, both Sp{Nc), S0{2N'^, and Sp{N") gauge couplings are IR free by requiring the 
negativeness of the coefficients of beta function. One can rely on the perturbative calculations 
at low energy for this magnetic IR free region b^^^j^^-^ < 0, b^Q^2N') ^ ^"^^ ^^p{N") ^ ^■ 
Neglecting the Sp{Nc) and Sp{N") dynamics, the magnetic SO{2N'^) is IR free when 



N'^-N':-N,-2<N'^<-iN'^ 



1) - A^' - N,. 

Then the dual gauge group and matter contents with the additional fields X", M' and $" 
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The dual magnetic tree level superpotential, by adding the mass term for the Q' in electric 
theory corresponding to add a linear term in M' in dual magnetic theory, is given by 

W^uai = {M'q'q' + gX"q' + ^"gg) + m'M'. 

Here q' is fundamental for the gauge group index. Then, q'q' has rank 2N'^ while m' has a rank 
2A^j. Therefore, the F-term condition, the derivative the superpotential Wduai with respect 
to M', cannot be satisfied if the rank 2N'j- exceeds 2N'^. This is so-called rank condition and 
the supersymmetry is broken [T5] . 

The classical moduli space of vacua can be obtained from F-term equations. From the 
F-terms Fg/ and Fm', one gets M'q' +gX" = = q'q' +m' . Similarly, one obtains g + X"q' = 
= gg from the F-terms Fg and Moreover, there is a relation q'g = from the F-term 
Fx". Then, one obtains the following solutions 

where M^l^^j^, is an arbitrary 2(A^j. — A^^) x 2{N'jr — N'^) symmetric matrix and the zeros 
of < g' > are 2(A^j — N'^) x 2N'^ zero matrices. Similarly, the zeros of 2N'f x 2iVj matrix M' 
are assumed also. As we did in previous case, one can analyze the one loop computation by 
expanding the fields around the vacua and it will lead to the fact that states are stable by 
realizing the mass of m^^, positive. 

Then the minimal energy supersymmetry breaking brane configuration is shown in Fig- 
ure 8B. If we ignore the A^iSSi-brane, 2A''c D4-branes, 2Nf D6-branes, the A^S'5'^-brane, 2A''^' 
D4-branes and 2N'I D6-branes(detaching these branes from Figure 8B), then this brane con- 
figuration corresponds to the minimal energy supersymmetry breaking brane configuration for 
the J\f = 1 SQCD with the magnetic gauge group S0{2N'^ with N'j massive flavors [HI ITT] . 

The nonsupersymmetric minimal energy brane configuration Figure 8B with vanishing 
2N'I D6-branes leads to the Figure 3 of [I5j with a reflection with respect to the NS5-brane if 
we ignore the A^S'Si-brane, 2Nf D6-branes and 2A^c D4-branes. Moreover, this Figure SB with 
a replacement A^^ D6-branes by the NS5'-brane(neglecting the A^^'S^-brane, Nf D6-branes 
and A'c D4-branes) will become the Figure 7B of [19j with a rotation of A^S'S^j-brane by | 
angle or the Figure 9B of [19] with a reflection with respect to the A^5'5/j-brane if we ignore 
the A^S'5'^-brane, A^^ D6-branes and A"^' D4-branes from the Figure 8B. 

Starting with N Sb'j^-N S^l-N S^'^^-N S^r branes configuration, as in the footnote [3], by 
moving the A^S'S^-brane to the right, one gets the nonsupersymmetric minimal energy brane 
configuration which is exactly the Figure 8 with a reflection with respect to the NS5-brane. 
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After lifting the type IIA description to M-theory, the corresponding magnetic M5-brane 
configuration with equal mass for the quarks, in a background space of xt = ti^^-^"*"^^/ YlkLiiv"^— 
el) where this four dimensional space replaces (45610) directions, is characterized by [55] 

^4 ^ ^^27V.+2+27V, + . . . ^ (^2JV^+27V, ^ . . . )^2 

+ ^^27V^'+2+4^, + . . . )^ + ^;67V/+2A^;(^2 _ ^2)7V; ^ q 

where we ignored both the lower power terms in v and the scales for the gauge groups for 
simplicity. 

From this curve of quartic equation for t above, the asymptotic regions can be classified 
by as follows: 

1. V ^ oo limit implies 

— > 0, 1/ ~ ^2A'c+2+2Ar/ + ■ ■ ■ NSl asymptotic region, 
w 0, ?/ ~ ^2Af^-2iVc-2 _|_ . . . NSr asymptotic region. 

2. w ^ oo limit implies 

NS']^ asymptotic region, 

NS'j^ asymptotic region. 

3.4 Magnetic theory with dual for second gauge group 

Let us take the Seiberg dual for the second gauge group factor S0(2N'^ while keeping the first 
and the third gauge group factors Sp{Nc) and Sp{N'J) untouched. Suppose that A2 >> Ai, A3. 

Let us move the A^iSS'^^-brane in Figure 6 to the right all the way past the A^S'Sij-brane. 
After this brane motion, one arrives at the Figure 9A. We need to change the Figure 6 a 
little bit such that the N'j- D6-branes are not parallel to the A^S'S'^^-brane. That is, we rotate 
Nj D6-branes a little bit (this does not change the classical electric superpotential as we 
explained before) and after dualizing the second gauge group, we rotate those N'j D6-branes 
with opposite direction. The linking number of AS'5'^-brane from Figure 9A is given by 
Lg = ^ + 1 - (-1) - 2iV^ + 2N'^. Originally, it was L5 = + (-1) - (+1) + 2N'^ - 2N, 

from Figure 6 before the brane motion. Therefore, by the linking number conservation and 
equating these two Lg's each other, we are left with the number of colors in the magnetic 
theory N'^ = N'f + N'J + N,-N'^ + 2. 

Let us draw this magnetic brane configuration in Figure 9A and we put the coincident N'j- 
D6-branes in the nonzero v direction(and its mirrors). 



2N"+2-2N'+2Nf , 



2Nf+2N'j_.+2N'J -2N'J -2 _|_ _ 
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Figure 9: The A/" = 1 supersymmetric magnetic brane configuration with Sp{Nc) x S0{2N'^ x 
Sp{N'J) gauge group with flavors Q{q')[Q"] for each gauge group, the bifundamentals /(G), 
and gauge singlets in Figure 9A. In Figure 9B, the nonsupersymmetric minimal energy brane 
configuration with the same gauge group and matter contents above for massless Q{Q") is 
given. 



Then the dual gauge group and matter contents with the additional fields X, M' and $ 
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In the dual theory, since there exist 2N'jr flavor fields q' and one bifundamental field 
G(which will give rise to the contribution of 2N"), and one bifundamental field /(which 
will give rise to the contribution of 2Nc), the coefficient of the beta function is = 

2N'^ — 2Nc which is the same as the b^Q^j^,^ iii previous subsection 



3(2A^^ - 2) - 2N'f 



and since there are 2N'^ fields G for the first factor, and 2N'j fundamental fields Q" , the 
coefficient of the beta function is b'^p^j^n-^ = 3(2A^" + 2) — 2N'^ — 2Nj. Since there exist 
2Nf quarks Q, one bifundamental field /(which will give rise to the contribution of 2N^), 
an antisymmetric tensor $(which will contribute to {2Nc + 2)), and a field X(which will 
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contribute to "iNf), the coefficient of the beta function of the ffist gauge group factor is 
^SpTiv.) = 3(2A^c + 2) - 2Nf - 2N'^- + 2) - 2Nf. 

Therefore, both Sp{Nc), S0{2N'J, and Sp{N") gauge couphngs are IR free by requiring the 
negativeness of the coefficients of beta function. One can rely on the perturbative calculations 
at low energy for this magnetic IR free region h^^^j^^-^ < 0, ^^q^^n') ^ ^' ^"^^ ^^p{N") ^ ^• 
Neglecting the Sp{Nc) and Sp{N") dynamics, the magnetic S0{2N'^ is IR free when 

N'^ - N'^ - N^-2 < N'f < -{N'^ - 1) - N'^ - A^^- 

■' 2 

The dual magnetic tree level superpotential, by adding the mass term for the Q' in electric 
theory corresponding to add a linear term in M' in dual magnetic theory, is given by 

W,uai = {M'q'q' + fXq' + $//) + m' M' . 

Here q' is fundamental for the gauge group index. Then, q'q' has rank 2N'^ while m' has a rank 
2N'^. Therefore, the F-term condition, the derivative the superpotential Wduai with respect 
to M', cannot be satisfied if the rank 2N'j exceeds 2N'^. This is so-called rank condition 
and the supersymmetry is broken. 

The classical moduli space of vacua can be obtained from F-term equations. From the 
F-terms Fqi and Fm'-, one gets M'q' + fX = = g'g' + m' . Similarly, one obtains $/ + Xq' = 
= // from the F-terms Ff and F$. Moreover, there is a relation q' f = from the F-term 
Fx- Then, one obtains the following solutions 

where MqI^^j^, is an arbitrary 2{Nj — N'^) x 2{Nj — N'^) symmetric matrix and the zeros 
of < g' > are 2(A^j — iV^) x 2iV^ zero matrices. Similarly the zeros of 2N'j: x 2Nj matrix M' 
are assumed also. As we did in previous case, one can analyze the one loop computation by 
expanding the fields around the vacua and it will lead to the fact that states are stable by 
realizing the mass of m|^, positive. 

Then the minimal energy supersymmetry breaking brane configuration is shown in Fig- 
ure 9B. If we ignore the NSdi-hrane, 2Nc D4-branes, 2A^j D6-branes, NS5'j^-hTa.ne, 2N" 
D4-branes and 2N'I D6-branes(detaching these from Figure 9B), as observed already, then 
this brane configuration looks similar to the minimal energy supersymmetry breaking brane 
configuration for the N = 1 SQCD with the magnetic gauge group S0{2N'^ = 2{Nj — N'^ + 2)) 
with N'r massive flavors. The difference occurs in the position of D6-branes. 
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The nonsupersymmetric minimal energy brane configuration Figure 9B with a replacement 
N'j D6-branes by the NS5 '-brane (neglecting the A^iSS'^-brane, 2N'I D6-branes and 2N'l D4- 
branes with vanishing 2Nf D6-branes) leads to the Figure lOB of [T^ with a rotation of 
A^5'5'^-brane by | angle. 

Starting with N S'b'j^-N S'ol-N S'b'j^-N S^r branes configuration, as in the footnote [3], by 
moving the A^5'5'^-brane to the left, one gets the nonsupersymmetric minimal energy brane 
configuration which is exactly the Figure 9 with a reflection with respect to the NS5-brane. 

After lifting the type IIA description we explained so far to M-theory, the corresponding 
magnetic M5-brane configuration, in a background space of xt = v^^^^'^^f Ilfciil'^^ ~ ^t) 
where this four dimensional space replaces (45610) directions, is characterized by [55] 



+ 



2^^'H-2+4^,^^2 _ ^2)2^;, + . . U + ^67V,+27V;' ^^2 _ ^2)3^^ ^ q_ 



From this curve of quartic equation for t above, the asymptotic regions can be classified 
as follows: 

1. V ^ oo limit implies 

— >• 0, ?/ ~ v^^"^"^ + ■ ■ ■ NSl asymptotic region, 
zi; ^ 0, ?/ ~ ^27v^-2iVe-2+2iv^+27v;. ^ . . . asymptotic region. 

2. — > oo limit implies 

v^m, ^2K'+2~2N',+2Nf+2N'^ ^ . . . asymptotic region. 



f — > m, 



y ^ ^2N,+2N'^+2N';-2N'j-2 ^ . . . asymptotic region. 



3.5 Magnetic theory with dual for first gauge group 

Let us take the Seiberg dual for the first gauge group factor Sp{Nc) while keeping the second 
and the third gauge group factors S0(2N'^ and Sp{N'^) untouched. Suppose that Ai >> 
A2,A3. After we move the A^S'5L-brane in Figure 6 to the right all the way past the NSb'j^- 
brane, one arrives at Figure lOA and the linking number of A^S'5L-brane from Figure lOA is 
given by L5 = ^ - 1 - (1) - 2N^ + 2N'^. Originally, it was L5 = + 1 - (-1) + 2N^ 

from Figure 6 before the brane motion. Therefore, by the linking number conservation and 
equating these two Ls's each other, we are left with the number of colors in the magnetic 
theory N^ = Nj + N'^- N^- 2. 

Let us draw this magnetic brane configuration in Figure lOA and we put the coincident 
Nf D6-branes in the nonzero v direction(and its mirrors). If we ignore the A^5'5/{-brane, A*"^ 
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D4-branes, N'^ D6-branes, the A^S'5'j:j-brane, N'^ D6-branes and N'^ D4-branes(detaching these 
branes from Figure lOA), then this brane configuration leads to the standard TV = 1 SQCD 
with the magnetic gauge group Sp{Nc = Nf — — 2) with Nf massive fiavors ^ illj . 
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Figure 10: The A/" = 1 supersymmetric magnetic brane configuration with Sp{Nc) x 
S0{2N'^) X Sp{N'^) gauge group with fundamentals q{Q')[Q"] for each gauge group, the bi- 
fundamentals F{g), and gauge singlets in Figure lOA. In Figure lOB, the nonsupersymmetric 
minimal energy brane configuration with the same gauge group and matter contents above 
for massless Q'{Q") is given. 



In the dual theory, since there exist 2Nf fundamental fields q, and one bifundamental 
field /(which will give rise to the contribution of 2N'^), the coefficient of the beta function 
is b"^^^- ^ = 3{2Nc + 2) - 2Nf - 2N'^ and since there are 2N'f fundamental fields Q' , 2Nc 
fundamental fields / for the second factor, 2N" fundamental fields G for the fiavor index of the 
first factor, an antisymmetric tensor $' (which will contribute to {2N'^ — 2)), and 2Nf fields X', 
the coefficient of the beta function is b^o^a^v') = 3(2A^-2)-2A}-2iVc-2A^;-(2A^-2)-2A^/. 
Since there exist 2N'j quarks Q" , and one bifundamental field ^(which will give rise to the 
contribution of 2A^), the coefficient of the beta function of the third gauge group factor is 
= 3(2A^; + 2) - 2A; - 2K = hs,i^N'j). 

Therefore, both Sp{Nc), S0{2N'^), and Sp{N") gauge couplings are IR free by requiring the 
negativeness of the coefficients of beta function. One can rely on the perturbative calculations 
at low energy for this magnetic IR free region b^^^~ ^ < 0, b^o{2N') ^ 0' ^^p{N") ^ ^■ 
Note that the S0{2N'J fields in the magnetic theory are different from those of the electric 
theory. Since hso{2N'^) — b^o{2N') ^ ^^i'^^'c) more asymptotically free than SO{2N'J"^°-3 . 
Neglecting the S0(2N'^ and Sp{N") dynamics, the magnetic Sp{Nc) is IR free when 



N,-N'^ + 2<Nf<-iN, + l)-N'^. 
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Then the dual gauge group and matter contents with the additional fields X\ M and 
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The dual magnetic tree level superpotential, by adding the mass term for the Q in electric 
theory corresponding to add a linear term in M in dual magnetic theory, is given by [TB] 

Wduai = (Mqq + fX'q + $7/) + niM. 

Here q is fundamental for the gauge group index. Then, qq has rank 2Nc while m has a rank 
2Nf. Therefore, the F-term condition, the derivative the superpotential Wduai with respect 
to M, cannot be satisfied if the rank 2Nf exceeds 2Nc. This is so-called rank condition and 
the supersymmetry is broken. 

The classical moduli space of vacua can be obtained from F-term equations. From the F- 
terms Fq and F/v/, one gets Mq+fX' = = qq+m. Similarly, one obtains ^'f+X'q = = f f 
from the F-terms Fj and Moreover, there is a relation qf = from the F-term Fx'- Then, 
one obtains the following solutions 



< q> -- 



ml 



2Nc 







<M>-- 











Mo\n,-n.) 



, < / >= =< X' > 



where Mq1^^^_^ ■^^icr'^ is an arbitrary 2{Nf — Nc) x 2{Nf — Nc) antisymmetric matrix and the 
zeros of < g > are 2{Nf — Nc) x 2Nc zero matrices. Similarly, the zeros of 2Nf x 2Nf matrix 
M are assumed also. As we did in previous case, one can analyze the one loop computation 
by expanding the fields around the vacua and it will lead to the fact that states are stable by 
realizing the mass of rnij^ positive. 

Then the minimal energy supersymmetry breaking brane configuration is shown in Figure 
lOB. If we ignore the NS5R-hiane, 2N'^ D4-branes, 2N'j D6-branes, iVS'S'^-brane, 2N'^ D4- 
branes and 2N'j D6-branes( detaching these from Figure lOB), as observed already, then this 
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brane configuration is the minimal energy supersymmetry breaking brane configuration for 
the TV = 1 SQCD with the magnetic gauge group Sp{Nc = Nf — Nc — 2) with Nj massive 
flavors pin]. 

The nonsupersymmetric minimal energy brane configuration Figure lOB with a replace- 
ment Nf D6-branes by the NS5'-brane(neglecting the A^S'5'^-brane, 2N'I D6-branes and 2N" 
D4-branes with vanishing 2Nj D6-branes) leads to the Figure lOB of [T9J. 

When we move the A^S'5'^-brane in Figure 6 to the left all the way past the A^S'S^-brane, 
then one arrives at the magnetic brane configuration similar to the Figure 10. The only 
difference is that the Nf D6-branes are located at the right hand side of the A^S'S^-brane. 
Then this nonsupersymmetric minimal energy brane configuration with a replacement Nf D6- 
branes by the NS5'-brane(neglecting the A^S'5'^-brane, 2Nf D6-branes and 2N" D4-branes) 
leads to the Figure lOB of (T9] with a reflection with respect to the NS5-brane and an extra 
rotation of A^S'S'^^-brane by | angle. 

Starting with NS5']^-NS5l-NS5'pi-NS5r branes configuration, as in the footnote [3], by 
moving the iViSSi-brane to the left, one gets the nonsupersymmetric minimal energy brane 
configuration which is exactly the Figure 7 with a reflection with respect to the NS5-brane. 
Furthermore, by moving the A^5'5'j:j-brane to the right, one gets the nonsupersymmetric min- 
imal energy brane configuration which is exactly the new Figure in previous paragraph with 
a reflection with respect to the A^S'Si-brane. 

After lifting the type IIA description we explained so far to M-theory, the corresponding 
magnetic M5-brane configuration, in a background space of xt = v^^s^'^^f Y^Lii'^'^ ~ ^Vi 
where this four dimensional space replaces (45610) directions, is characterized by 



t4 + (^27V.+2^...)^3^ 



+ 



From this curve of quartic equation for t above, the asymptotic regions can be classified 
as follows: 

1. V ^ oo limit implies 

m; ^ 0, ?/ ~ ^2Ar^-2iv,-2+2iv^ ^ . . . asymptotic region, 

u) ^ 0, 2/ ~ ^2Nf+2N'j+2N'^+2-2K ^ . . . asymptotlc region. 

2. w ^ oo limit implies 

V ^ m, 2/ ~ w'^'^"'^^ + ■ ■ ■ NS'^ asymptotic region, 

v^m, 2/ ~ ^27v,+2A.;,+2A.;-2A.^'-2 ^ . . . asymptotic region. 
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3.6 Other magnetic theories with opposite 04-plane charges 

By changing the charges of 04-plane in previous brane configuration given in Figure 6, the 
type IIA brane configuration is reahzed by an A/" = 1 supersymmetric gauge theory with [51] 

S0{2N^) X Sp{N'^) X S0{2N';) 

and corresponding matter contents. Then by deforming this electric theory by mass term for 
the quarks and taking the magnetic dual on each gauge group factor, one gets the possible 
meta-stable brane configurations. 

There exists an A/" = 1 magnetic supersymmetric gauge theory with 

SO{2N^) X Sp{N'^) X S0{2N';), N'^ = N'J + N'^ - N'^ + 2 

with matters and the corresponding brane configuration is given by the Figure 7 with opposite 
04-plane charges(04"'" goes to 04~ and vice versa). The constant term +2 in the dual color 
has opposite sign, compared with the discussion of subsection 3.2 where it has —2. This 
is due to the fact that the linking number counting in this case has opposite sign for the 
contribution of 04-plane since we have different charge in the electric and magnetic theories. 
Since the dual gauge group is an orthogonal gauge group, the corresponding gauge singlet M" 
is a symmetric two index tensor in the flavor indices (leading to different structure of vacuum 
expectation value, compared with the solution in the subsection 3.2) and the fleld $' is a 
symmetric under the second gauge group. 

Also there is an A/" = 1 magnetic supersymmetric gauge theory with 

S0{2N,) X Sp{N'J X ^0(2A^'), K = N'f + K + N,-N'^-2 

with matters and the corresponding brane configuration is given by the Figure 8 with opposite 
04-plane charges(04"'" goes to 04~ and vice versa). Since the dual gauge group is a symplectic 
gauge group, the corresponding gauge singlet M' is an antisymmetric two index tensor in the 
fiavor indices(leading to different structure of vacuum expectation value, compared with the 
solution in the subsection 3.3) and the field is an antisymmetric under the third gauge 
group. 

Moreover, there is an A/" = 1 magnetic supersymmetric gauge theory with 

S0{2N,) X Sp{N'^) X S0{2N'^), N'^ = N'j + N'^ + N,-N'^-2 

with matters and the corresponding brane configuration is given by the Figure 9 with opposite 
04-plane charges(04"'" goes to 04~ and vice versa). Since the dual gauge group is a symplectic 
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gauge group, the corresponding gauge singlet M' is an antisymmetric two index tensor in the 
flavor indices (leading to different structure of vacuum expectation value, compared with the 
solution in the subsection 3.4) and the field $ is an antisymmetric under the first gauge group. 
Finally, there exists an A/" = 1 magnetic supersymmetric gauge theory with 

S0{2N,) X Sp{N'^) X S0{2N'^), N, = Nf + N'^ - N, + 2 

with matters and the corresponding brane configuration is given by the Figure 10 with opposite 
04-plane charges(04"'" goes to 04~ and vice versa). Since the dual gauge group is a symplectic 
gauge group, the corresponding gauge singlet M is a symmetric two index tensor in the fiavor 
indices (leading to different structure of vacuum expectation value, compared with the solution 
in the subsection 3.5) and the field $' is a symmetric under the second gauge group. 
The remaining analysis can be done easily without any difficulty. 

3.7 Magnetic theories for the multiple product gauge groups 
3.7.1 The symplectic gauge groups both at the start and end of the chain 

Now one can generalize the method for the triple product gauge groups to the finite multiple 
product gauge groups characterized by |54j 

Sp{N,,i) X 50(2iVe,2) X ■ ■ ■ X 50(2iV,,„_i) x Sp{N,^^) 

with the (^ — 1) bifundametals (Di, ^2, 1, ■ ■ ■ , 1), ■ ■ ■ , and (1, ■ ■ ■ ,1, nn-i, Dn), and n-quarks 
(□i, 1, ■ ■ ■ ,1), ■ ■ ■ , and (1, ■ ■ ■ ,1, Dn)- Note that there are the symplectic gauge groups both 
at the start and end of the chain. Then the electric superpotential is Weiec = Yl'i=i QiQi- 

There exist (2n — 2) magnetic theories and they can be classified as six cases as follows. 

• Case 1 

When the Seiberg dual is taken for the first gauge group factor by assuming that Ai >> A, 
where z = 2, ■ ■ ■ , n, one follows the procedure given in the subsection 3.5. The gauge group is 

5p(iVe,i = Nf^, + N,^2 - A^ci - 2) X SO{2N,^2) x ■ ■ ■ x Sp{N,^^) 

and the matter contents are given by the dual quark qi in the representation (Di, 1, ■ ■ ■ , 1) 
as well as (n — 1) quarks Qi where i = 2, ■ ■ ■ ,n, the bifundamentals /i in the representation 
(□i,n2,l,--- ,1) under the gauge group, ■■■ in addition to (n — 2) bifundamentals Gi, 
and various gauge singlets X2,Mi and $2- The corresponding brane configuration can be 
obtained similarly and the extra {n — 3) NS-branes, {n — 3) sets of D6-branes and {n — 3) 
sets of D4-branes are present at the right hand side of the iV5'5'^-brane of Figure 10. The 
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magnetic superpotential is Wduai = {MiqiQi + fiX2qi + $2/1/1) + rriiMi. By computing the 
contribution for the one loop as in the subsection 3.5, the vacua are stable and the asymptotic 
behavior of (n + 1) NS-branes can be obtained also. 

• Case 2 

When the Scibcrg dual is taken for the last gauge group factor by assuming that A„ >> Aj 
where i = 1,2, ■ ■ ■ , {n — 1), one follows the procedure given in the subsection 3.2. The gauge 
group is given by 

5p(iV,,i) X • • • X SO{2N,^n-l) X Sp{N,^n = Nf^n + A^c,n-1 " iVc,n " 2). 

The corresponding brane configuration can be obtained similarly and the extra {n — 3) 
NS-branes, (n — 3) sets of D6-branes and {n — 3) sets of D4-branes are present at the 
left hand side of the A^S'5L-brane of Figure 7. The magnetic superpotential is Wauai — 

{MnQuQu + gn-lXn-iqn + $„-l^„-l^„-l) + m„M„. 

• Case 3 

When the Seiberg dual is taken for the middle gauge group factor by assuming that 
Aj >> Aj where j — 1,2, ■ ■ ■ ,i — l,i + 1, ■ ■ ■ ,n, one follows the procedure given in the 
subsection 3.3. The gauge group is given by 

• • • X 5p(iVe,,_i) X S0{2N,,i = 2{Nf,i + iVe,i+i + N,,i_^ - Nc,i + 2)) x Sp{N,,i+i) x • • • 

where i — 2,A,---,{n — l) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra {i — 2) 
NS-branes, {i — 2) sets of D6-branes and {i — 2) sets of D4-branes are present at the left hand 
side of the A'"S'5L-brane and the extra (n — i — l) NS-branes, (n — i — l) sets of D6-branes and 
(n — i — 1) sets of D4-branes are present at the right hand side of the A'"5'5'^-brane of Figure 
8. The magnetic superpotential is Wduai = {MiQiqi + QiXi+iqi + ^j+i^^^j) + rriiMi. 

• Case 4 

When the Seiberg dual is taken for the middle gauge group factor by assuming that 
Aj >> Aj where j — l,2,---,i — l,i + l,---,n, one follows the procedure given in the 
subsection 3.4. The gauge group is given by 

• • • X Sp{N^,i.,) X SO{2N,,i = 2{Nf,i + Nc,i+i + N^,i-i - N^,i + 2)) x Sp{N^,i+i) x • • • 

where i — 2,4, - ■ ■ ,{n — 1) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra {i — 2) 
NS-branes, {i — 2) sets of D6-branes and {i — 2) sets of D4-branes are present at the left hand 
side of the A'"S'5L-brane and the extra {n — i — 2) NS-branes, {n — i — 2) sets of D6-branes and 
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{n — i — 2) sets of D4-branes are present at the right hand side of the NSb'^^-hrane of Figure 
9. The magnetic superpotential is Wduai = {MiqiQi + fi_iXi_iqi + + mjMj. 

• Case 5 

When the Seiberg dual is taken for the symplcctic gauge group factor by assuming that 
Ai >> Aj where j = 1,2, ■ ■ ■ ,i — l,i + 1, ■ ■ ■ ,n, one follows the procedure given in the 
subsection 3.6. The gauge group is given by 

• • • X 50(2Ar,,i_i) X SpiN,,i = Nf,i + A^,,i+i + N,,i_i - N,,i - 2) x S0{2Nc,i+i) x • • • 

where i = 3, 5, • • • , (n — 2) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra (z — 2) 
NS-branes, (z — 2) sets of D6-branes and {i — 2) sets of D4-branes are present at the left hand 
side of the A^S'Si-branc and the extra {n — i — 1) NS-branes, (n — i — l) sets of D6-branes and 
{n — i — 1) sets of D4-branes are present at the right hand side of the A^iSS'^-brane of Figure 

8. The magnetic superpotential is Wduai = + Qi^i+iQi + ^i+i9igi) + mMi. 

• Case 6 

When the Seiberg dual is taken for the symplectic gauge group factor by assuming that 
Aj >> Aj where j — 1,2, • • • ,i — l,i + 1, ■ ■ ■ ,n, one follows the procedure given in the 
subsection 3.6. The gauge group is given by 

• • • X 50(2iV,,j_i) X SpiN,,i = Nf,i + iVe,»+i + N,,^-l - N,,i - 2) x S0{2N,,^+i) x • • • 

where i — 3,5, - ■ ■ ,{n — 2) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra (i — 2) 
NS-branes, {i — 2) sets of D6-branes and {i — 2) sets of D4-branes are present at the left hand 
side of the 7V5'5L-brane and the extra (n — i — l) NS-branes, (n — i — l) sets of D6-branes and 
(n — i — 1) sets of D4-branes are present at the right hand side of the A^S'5'^-brane of Figure 

9. The magnetic superpotential is W^uai = (MiQiQi + + + niiMi. 

3.7.2 The orthogonal gauge groups both at the start and end of the chain 

When the electric theory is described by 

S0(2N,,,) X Sp(N,,2) X • • • X Sp(N,,n-i) x SO(2N,,n) 

with the (n — 1) bifundametals (Di, ^2, 1, • • • , 1), • • • , and (1, • • • ,1, nn-i, Dn), and n-quarks 
in the representation (Di, 1, • • • ,1), • • • , and (1, • • • ,1, □„), there exist (2n — 2) magnetic 
theories and they can be classified as six cases as follows. Note that there are the orthogonal 
gauge groups both at the start and end of the chain. 
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• Case 1' 

When the Seiberg dual is taken for the first gauge group factor by assuming that Ai >> Aj 
where i = 2, - ■ ■ ,n, one follows the procedure given in the subsection 3.5. The gauge group is 

50(2iV,,i = 2{Nf,, + iV,,2 - iVc,i + 2)) x Sp{N,,2) x • • • x 50(2iV,,„) 

and the matter contents are given by the dual quark qi in the representation (Di, 1, • • • , 1) 
as well as (n — 1) quarks Qi where i = 2, ■ ■ ■ ,n, the bifundamentals fi in the representation 
(□i, 1, • • • ,1), • • • in addition to (n — 2) bifundamentals Gj, and various gauge singlets 
X2,Mi and $2- The corresponding brane configuration can be obtained similarly and the 
extra (n — 3) NS-branes, (n — 3) sets of D6-branes and (n — 3) sets of D4-branes are present 
at the right hand side of the A^S'5'^-brane of Figure 10. The magnetic superpotential is 
Wduai = {MiqiQi + hX^qi + $2/1/1) + m^M^. 

• Case 2' 

When the Seiberg dual is taken for the last gauge group factor by assuming that A„ >> Aj 
where i = 1,2, - ■ ■ ,{n — 1), one follows the procedure given in the subsection 3.2. The gauge 
group is given by 

50(2iVe,i) X • • • X Sp{N,,n-l) X S0{2N,,n = 2{Nf,n + iVc,n-l " iV,,„ + 2)). 

The corresponding brane configuration can be obtained similarly and the extra {n — 3) 
NS-branes, (n — 3) sets of D6-branes and (n — 3) sets of D4-branes are present at the 
left hand side of the A'"5'5L-brane of Figure 7. The magnetic superpotential is W^uai — 

{Mnq„q„ + Qn-lXn-iqn + $„-l^„-l^„-l) + m„M„. 

• Case 3' 

When the Seiberg dual is taken for the middle gauge group factor by assuming that 
Aj >> Aj where j — 1, 2, • • • , i — 1, z + 1, • • • , n, one follows the procedure given in the 
subsection 3.3. The gauge group is given by 

• • • X 5p(iVe,^-l) X 50(2iVe,, = 2(iV/,, + iVe,,+i + A^e,^-l ' N,^i + 2)) X Sp{N,^i^^) X • • • 

where i = 2, 4, • • • , (n — 1) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra {i — 2) 
NS-branes, {i — 2) sets of D6-branes and (z — 2) sets of D4-branes are present at the left hand 
side of the A^'S'S^-brane and the extra {n — i — 1) NS-branes, {n — i — 1) sets of D6-branes and 
{n — i — 1) sets of D4-branes are present at the right hand side of the A'"S'5'^-brane of Figure 
8. The magnetic superpotential is Wduai = {Miqtqi + giXi+iqi + ^i+igigi) + rriiMi. 

• Case 4' 
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When the Seiberg dual is taken for the middle gauge group factor by assuming that 
Aj >> Aj where j = 1,2, ■ ■ ■ ,i — l,i + 1, ■ ■ ■ ,n, one follows the procedure given in the 
subsection 3.4. The gauge group is given by 

• • • X Sp{N,,i_i) X 50(2iV,,, = 2{Nf,i + Ar,,,+i + iV,,,_i - N,^, + 2)) x Sp{N,^,+,) x • • • 

where i — 2,4, •• • , (n — 1) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra {i — 2) 
NS-branes, (z — 2) sets of D6-branes and {i — 2) sets of D4-branes are present at the left hand 
side of the NS5 i-hrane and the extra {n — i — 1) NS-branes, (n — i — l) sets of D6-branes and 
{n — i — 1) sets of D4-branes are present at the right hand side of the A^S'S'^-brane of Figure 
9. The magnetic superpotential is Wduai = {MiqiQi + fi^iXi^iQi + ^i-ifi-ifi-i) + rriiMi. 

• Case 5' 

When the Seiberg dual is taken for the symplectic gauge group factor by assuming that 
Aj >> Aj where j — 1, 2, • • • , z — 1, i + 1, • • • , n, one follows the procedure given in the 
subsection 3.6. The gauge group is given by 

• • • X SO{2N,,i_^) X Sp{N,,i = Nf, + A^,,+i + A^^.-i - A^c,i - 2) x S0{2N,,+^) x • • • 

where i = 3, 5, • • • , (n — 2) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra {i — 2) 
NS-branes, {i — 2) sets of D6-branes and {i — 2) sets of D4-branes are present at the left hand 
side of the A^'S'S^-brane and the extra — i — NS-branes, (n — i — 1) sets of D6-branes and 
(n — i — 1) sets of D4-branes are present at the right hand side of the A'S'5'^-brane of Figure 

8. The magnetic superpotential is Wduai = {MiQiqi + QiXi+iQi + ^i+igiQi) + rriiMi. 

• Case 6' 

When the Seiberg dual is taken for the symplectic gauge group factor by assuming that 
Aj >> Aj where j — 1, 2, • • • , i — 1, i -|- 1, • • • , n, one follows the procedure given in the 
subsection 3.6. The gauge group is given by 

• • • X 50(2Ar,,,_i) X Sp{N,,i = Nf,i + Ar,,,+i + N,,i_^ - N,,i - 2) x S0{2N,,i+^) x • • • 

where i = 3, 5, • • • , (n — 2) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra (i — 2) 
NS-branes, (i — 2) sets of D6-branes and (i — 2) sets of D4-branes are present at the left hand 
side of the A'S'Si-brane and the extra (n — i — 1) NS-branes, (n — i — 1) sets of D6-branes and 
(n — i — 1) sets of D4-branes are present at the right hand side of the A"5'5'^-brane of Figure 

9. The magnetic superpotential is Wduai = {MiQiqi + /i-i^i-i^i + ^i-ifi-ifi-i) + rriiMi. 
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3.7.3 The symplectic gauge group at the start and the orthogonal gauge group 
at end of the chain 

When the electric theory is described by 

5'p(iVe,i) X 50(2iV,,2) X • • • X Sp{N,,n-i) X 50(2iV,,„) 

with the (n — l) bifundametals (Di, ^2, 1, • " • > 1); " " " > (1) " " • 1 1) Dn-i, Dn), and n-quarks 
in the representation (Di, 1, • • • ,1), • • • , and (1, • • • ,1, □„), there exist (2n — 2) magnetic 
theories and they can be classified as six cases as follows. Note that there are the symplectic 
gauge group at the start and the orthogonal gauge group at the end of the chain. 

• Case 1" 

When the Seiberg dual is taken for the first gauge group factor by assuming that Ai >> Aj 
where i — 2, - ■ ■ ,n, one follows the procedure given in the subsection 3.5. The gauge group is 

5p(7V,,i = Nf,^ + A^e,2 - A^ci - 2) X SO{2N,,2) x • • • x SO{2N,,n) 

and the matter contents are given by the dual quark qi in the representation (Di, 1, ■ ■ ■ , 1) 
as well as (n — 1) quarks Qi where i = 2, - ■ ■ ,n, the bifundamentals /i in the representation 
(□i, 1, ■ ■ ■ ,1), ■ ■ ■ in addition to (n — 2) bifundamentals Gi, and various gauge singlets 
X2, Ml and $2- The corresponding brane configuration can be obtained similarly and the 
extra {n — 3) NS-branes, (n — 3) sets of D6-branes and (n — 3) sets of D4-branes are present 
at the right hand side of the A^iSS'^-brane of Figure 10. The magnetic superpotential is 
Wduai = {MiqiQi + fiX2qi + $2/1/1) + rriiMi. 

• Case 2" 

When the Seiberg dual is taken for the last gauge group factor by assuming that A„ >> Aj 
where z = 1, 2, ■ ■ • , (n — 1), one follows the procedure given in the subsection 3.2. The gauge 
group is given by 

Sp{N,,i) X • • • X Sp{N,,n-l) X SO{2N,,n = 2{Nf,n + iVc,n-l - iVc,n + 2)). 

The corresponding brane configuration can be obtained similarly and the extra {n — 3) 
NS-branes, {n — 3) sets of D6-brancs and (n — 3) sets of D4-branes are present at the 
left hand side of the A^S'S^-brane of Figure 7. The magnetic superpotential is Wduai — 

{MnquQu + gn-lXn-iqn + $n-l5n-l^n-l) + ?7l„M„. 

• Case 3" 

When the Seiberg dual is taken for the middle gauge group factor by assuming that 
Aj >> Aj where j — 1, 2, • • • , i — 1, z + 1, • • • , n, one follows the procedure given in the 
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subsection 3.3. The gauge group is given by 

• • • X ^p(iVe,-i) X S0{2N,, = 2{Nf, + iV,,,+i + N,,_, - N,, + 2)) x 5p(iV,,,+i) x • • • 

where i = 2, 4, • • • , (ra — 1) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra {i — 2) 
NS-branes, {i — 2) sets of D6-branes and (z — 2) sets of D4-branes are present at the left hand 
side of the A'"S'5L-brane and the extra {n — i — 1) NS-branes, {n — i — 1) sets of D6-branes and 
(n — i — 1) sets of D4-branes are present at the right hand side of the A'"S'5'^-brane of Figure 

8. The magnetic superpotential is Wduai = {MiQiqi + giXi+iQi + ^j+i^j^j) + m^Mj. 

• Case 4" 

When the Seiberg dual is taken for the middle gauge group factor by assuming that 
Aj >> Aj where j — l,2,---,i — l,i + l,---,n, one follows the procedure given in the 
subsection 3.4. The gauge group is given by 

• • • X 5p(iVe,,_i) X SO{2Nc,i = 2{Nf,i + Nc,i+i + N^,i-i - N^,i + 2)) x Sp{N^,i+^) x • • • 

where i = 2, 4, • • • , (n — 1) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra {i — 2) 
NS-branes, (z — 2) sets of D6-branes and [i — 2) sets of D4-branes are present at the left hand 
side of the A'"5'5i-brane and the extra {n — i — 1) NS-branes, {n — i — 1) sets of D6-branes and 
— i — sets of D4-branes are present at the right hand side of the A'"5'5'^-brane of Figure 

9. The magnetic superpotential is Wduai = (^i^i^i + fi-i^i-iQi + ^i-ifi-ifi-i) + mMi. 

• Case 5" 

When the Seiberg dual is taken for the symplectic gauge group factor by assuming that 
Aj >> Aj where j — 1,2, • • • ,i — l,i + 1, • • • ,n, one follows the procedure given in the 
subsection 3.6. The gauge group is given by 

• • • X 50(2A^e,i-i) X Sp{N,,i = Nf^i + 7V,,,+i + N,,,_, - N,^, - 2) x S0{2N,,i+^) x • • • 

where i = 3, 5, ■ ■ ■ , (n — 2) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra (z — 2) 
NS-branes, {i — 2) sets of D6-branes and {i — 2) sets of D4-branes are present at the left hand 
side of the N S^i-hiane and the extra {n — i — 1) NS-branes, {n — i — 1) sets of D6-branes and 
{n — i — 1) sets of D4-branes are present at the right hand side of the A^iSS'^-brane of Figure 
8. The magnetic superpotential is W^uai = {MiQiQi + QiXi+iQi + ^i+igiQi) + rriiMi. 

• Case 6" 
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When the Seiberg dual is taken for the symplectic gauge group factor by assuming that 
Aj >> Kj where j = 1,2, ■ ■ ■ ,i — l,i + 1, ■ ■ ■ ,n, one follows the procedure given in the 
subsection 3.6. The gauge group is given by 

• • • X 50(2iVe,,_i) X Sp{N,^i = Nf, + iVe,+i + iVc,-i - N,^^ - 2) X S0{2N,,+,) x • • • 

where i = 3,5,---,(?7. — 2) implying that the number of possible magnetic gauge group is 
The corresponding brane configuration can be obtained similarly and the extra {i — 2) 
NS-branes, {i — 2) sets of D6-branes and {i — 2) sets of D4-branes are present at the left hand 
side of the 7V5'5£,-brane and the extra (n — i — l) NS-branes, (n — i — l) sets of D6-branes and 
(n — i — 1) sets of D4-branes are present at the right hand side of the A'"5'5'^-brane of Figure 
9. The magnetic superpotential is Wduai = {MiQiqi + fi-iXi^iQi + + rriiMi. 

3.7.4 The orthogonal gauge group at the start and the symplectic gauge group 
at end of the chain 

When the electric theory is described by 

S0{2N,,,) X Sp{N,,2) X • • • X SO{2N,,n-i) x Sp{N,,n) 

with the {n — 1) bifundametals (Di, 1, • • • ,!),•••, and (1, • • • ,1, Dn-i, Dn), and n-quarks 
in the representation (Di, 1, • • • ,1), • • • , and (1, • • • ,1, □„), there exist (2n — 2) magnetic 
theories and they can be classified as six cases as follows. Note that there are the orthogonal 
gauge group at the start and the symplectic gauge group at the end of the chain. 

• Case 1'" 

When the Seiberg dual is taken for the first gauge group factor by assuming that Ai >> Aj 
where i — 2, - ■ ■ ,n, one follows the procedure given in the subsection 3.5. The gauge group is 

S'0(2iVe,i = 2(A^/,i + N,,2 - A^ci + 2)) x Sp(N,,2) x • • • x Sp(N,,n) 

and the matter contents arc given by the dual quark qi in the representation (Di, 1, ■ ■ ■ , 1) 
as well as (n — 1) quarks Qi where i = 2, - ■ ■ ,n, the bifundamentals /i in the representation 
(□i, 1, ■ ■ ■ , 1), ■ ■ ■ in addition to {n — 2) bifundamentals Gi, and various gauge singlets 
X2, Ml and $2- The magnetic superpotential is W^uai = + fiX2qi + $2/1/1) + 

The corresponding brane configuration can be obtained similarly and the extra {n — 3) NS- 
branes, (n — 3) sets of D6-branes and (n — 3) sets of D4-branes are present at the right hand 
side of the A^S'5'^-brane of Figure 10. 

• Case 2'" 
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When the Seiberg dual is taken for the last gauge group factor by assuming that A„ >> Aj 
where 2 = 1, 2, • ■ ■ , (n — 1), one follows the procedure given in the subsection 3.2. The gauge 
group is given by 

S0{2N,,,) X • • • X S0{2N,^n-i) x 5p(iV,,„ = Nf,^ + N,,^_, - iV,,„ - 2). 

The magnetic superpotential is Wduai = {MnqnQn + Qn-iXn-iqn + ^n-ign-iQn-i) + rUnMn. 
The corresponding brane configuration can be obtained similarly and the extra {n — 3) NS- 
branes, (n — 3) sets of D6-branes and (n — 3) sets of D4-branes are present at the left hand 
side of the iVS'Si-brane of Figure 7. 

• Case 3'" 

When the Seiberg dual is taken for the middle gauge group factor by assuming that 
Aj >> Aj where j — l,2,---,i — l,i + l,---,n, one follows the procedure given in the 
subsection 3.3. The gauge group is given by 

• • • X Sp{N,^i_,) X SO{2N,^, = 2{Nf^i + N,^,+, + Ar,,,_i - AT,,, + 2)) x Sp{N,,i+,) x • • • 

where i = 2, 4, • • • , (n — 1) implying that the number of possible magnetic gauge group is 
The magnetic superpotential is Wduai = {MiQiqi + QiXi+iQi + ^i+igiQi) + rriiMi. The 
corresponding brane configuration can be obtained similarly and the extra (z — 2) NS-branes, 
{i — 2) sets of D6-branes and (z — 2) sets of D4-branes are present at the left hand side of the 
ATS'S/.-brane and the extra (n — i — l) NS-branes, (n — i — l) sets of D6-branes and (n — i — l) 
sets of D4-branes are present at the right hand side of the A"5'5'^-brane of Figure 8. 

• Case 4'" 

When the Seiberg dual is taken for the middle gauge group factor by assuming that 
Aj >> Aj where j — l,2,---,i — l,i + l,---,n, one follows the procedure given in the 
subsection 3.4. The gauge group is given by 

• • • X 5'p(Ar,,,_i) X SO(2N,,i = 2(Nf^i + N,^,+, + Ar,,,_i - AT,,, + 2)) x Sp{N,,i+,) x • • • 

where z = 2, 4, ■ ■ ■ , (n — 1) implying that the number of possible magnetic gauge group is 
The magnetic superpotential is Wduai = {Miqiqi + fi_iXi_iqi + + niiMi. The 

corresponding brane configuration can be obtained similarly and the extra (z — 2) NS-branes, 
{i — 2) sets of D6-brancs and (z — 2) sets of D4-branes arc present at the left hand side of the 
A^S'Si-brane and the extra (n — z — 1) NS-branes, {n — i — l) sets of D6-branes and {n — i — l) 
sets of D4-branes are present at the right hand side of the A^iSS'^-brane of Figure 9. 

• Case 5'" 
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When the Seiberg dual is taken for the symplectic gauge group factor by assuming that 
Aj >> Kj where j = l,2,---,i — l,i + l,---,n, one follows the procedure given in the 
subsection 3.6. The gauge group is given by 

■ ■ ■ X 50(2iV,,,_i) X Sp{N,,i = Nf,, + iVe,^+l + A^c,*-i - N,,i - 2) X 50(2iVe,^+l) X ■ ■ ■ 

where i = 3, 5, ■ ■ ■ , (n — 2) implying that the number of possible magnetic gauge group is 
The magnetic superpotential is Wduai = {Miqiqi + giXi+iqi + ^i+igigi) + niiMi. The 
corresponding brane configuration can be obtained similarly and the extra {i — 2) NS-branes, 
{i — 2) sets of D6-branes and {i — 2) sets of D4-branes are present at the left hand side of the 
A^S'Si-brane and the extra (n — i — l) NS-branes, [n — i — l) sets of D6-branes and {n — i — 1) 
sets of D4-branes are present at the right hand side of the A^iSS'jij-brane of Figure 8. 
• Case &" 

When the Seiberg dual is taken for the symplectic gauge group factor by assuming that 
Aj >> Aj where j = l,2,---,z — l,z + l,---,n, one follows the procedure given in the 
subsection 3.6. The gauge group is given by 

• • ■ X S0{2N,,i^i) X Sp{N,,i = Nf,, + A^e,^+i + N,,^-l - N,^i - 2) x 50(2A^e,^+i) x • • • 

where i = 3, 5, ■ ■ ■ , (n — 2) implying that the number of possible magnetic gauge group is 
The magnetic superpotential is Wduai = {Miqiqi + fi^iXi^iqi + + rriiMi. The 

corresponding brane configuration can be obtained similarly and the extra {i — 2) NS-branes, 
{i — 2) sets of D6-branes and {i — 2) sets of D4-branes are present at the left hand side of the 
A^S'S^-brane and the extra (n — i — l) NS-branes, (n — i — l) sets of D6-branes and (n — i — l) 
sets of D4-branes are present at the right hand side of the A^S'5'^-brane of Figure 9. 

4 Conclusions and outlook 

The meta-stable brane configurations we have found are summarized by Figures 2B, 3B, 4B, 
5B(and 7B, 8B, 9B, and lOB). The nonsupersymmetric minimal energy brane configurations 
in Figure 2B and 3B lead to the Figure 3 of [Hj if we ignore the A^S'S^-brane, Nf D6-branes 
and Ac D4-branes. Similarly the nonsupersymmetric minimal energy brane configurations in 
Figure 7B and SB lead to the Figure 3 of [15] if we ignore the NSbi-hrane, 2Nf D6-branes 
and 2Ac D4-branes. 

The Figures 2B and 7B with a replacement N'j D6-branes by the NS5 '-brane by neglecting 
the A^iSS^-brane, Nf D6-branes and D4-branes become the Figures 2B and 7B of [19] 
together with a reflection with respect to the A^S'Si-brane and a rotation of A^iSSj^-brane by 
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I angle respectively. The Figures 3B and 8B with a replacement N'j D6-branes by the NS5'- 
brane by neglecting the A^iSS^^-brane, Nf D6-branes and N^. D4-branes become the Figures 
2B and 7B of [TH] with a rotation of A^S'5/j-brane by | angle respectively or the Figures 4B 
and 9B of [12] with a reflection with respect to the A^S'S^-brane if we ignore the A^S'5'^-brane, 
N'l D6-branes and A^" D4-branes from the Figure 3B(8B) respectively. The Figures 4B and 
9B with a replacement N'j D6-branes by the NS5'-brane by neglecting the A^5'5'^-brane, A^^ 
D6-branes and N'^ D4-branes with vanishing Nf D6-branes lead to the Figures 5B and lOB 
of [19] with a rotation of A^S'5'^-brane by | angle respectively. 

Finally, the Figures 5B and lOB with a replacement Nf D6-branes by the NS5'-brane, 
when we neglect the A^S'S'^-brane, N'^ D6-branes and A"" D4-branes and N'f D6-branes, lead 
to the Figures 4B and lOB of [19] respectively. 

For the same gauge groups in this paper, one can add an orientifold 6-planes together with 
three more NS-branes. Totally there exist seven NS-branes. The relevant previous works are 
given in [551 EZl EHl EHl ES]- Depending on the matter contents, there are two possibilities. 
On the other hand, for the different triple product gauge groups, one can add an orientifold 
6-planes together with two more NS-branes. Totally, there exist six NS-branes. It would be 
interesting to study these meta-stable brane configurations in type IIA string theory. 
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